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Preface 
 I 
Abstract 
 
Over the last decades the static terrestrial laser scanning (t-LiDAR) has been established as a 
method to record objects spatially to generating 3D models in research areas such as 
geosciences. T-LiDAR has a wide range of applications in geosciences by creating data from 
areas of interest (AOI) with high spatial and temporal resolutions.  
 
The main task of this thesis is the analysis of natural bedrock fault scarps formed by postglacial 
normal faulting earthquakes in Greece by using t-LiDAR at different dimensions (long and close 
range t-LiDAR investigations). The studied cumulative bedrock scarps are naturally exhumed 
(no anthropogenic influence) and are evidence for repeated coeseimic slip over time. The focus 
is therefore to develop new approaches to characterise these active bedrock scarps, which 
includes the morphological variation along strike the fault segment (meso-scale dimension over 
several hundred metres along a ruptured fault segment), the sense of motion of repeated 
earthquakes in a defined area (local stress field reconstruction), as well as the structural 
changes over the fault plane height to define individual events (macro-scale variations over tens 
of m2). Terrestrial laser scanning is a great tool, which should be used to support the 
conventional methods of palaeoseismology; the methods described in this thesis therefore link 
terrestrial remote sensing and neotectonics analyses.  
 
The main aims of the investigations are to analyse the tectonic geomorphology along surface 
ruptured escarpments, to reconstruct the faulting history and activity of known active faults that 
display postglacial fault scarps, and to test the potential of selected locations to calibrate the 
ruggedness-index method for active faults. LiDAR techniques are used for the surface 
evaluation and characterisation of limestone bedrock scarps and ruggedness analysis of the 
scarps surface. As the footwall of a normal fault undergoes continued uplift, the development of 
fault scarps by repeated earthquakes forms a steep polished fault plane (free face) that is 
subject to differential weathering over time (degradation, karstification, bio-erosion). Therefore, 
the upper parts of scarps are usually characterised by more intense weathering in comparison 
to the base. t-LiDAR investigations reveal the slip history of known and dated active faults and 
establish a relative age estimation for the coseismic slip events over the scarp height. 
Furthermore, the LiDAR approach and the point cloud analyses have the potential to be 
established as a supplementary method for the absolute dating with cosmogenic nuclides; when 
the relative age assessment is successfully carried out with t-LiDAR, controlled sampling for the 
absolute dating can be undertaken, and hence time can be saved and expenses can be greatly 
reduced. 
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Kurzfassung 
 
Die Technologie des terrestrischen Laserscanning hat sich in den letzten Dekaden zu einer 
etablierten Methode der räumlichen Datenerhebung entwickelt. Die Einsatzmöglichkeiten von t-
LiDAR (terrestrial Light Detection And Range) sind weit gefächert und bilden durch die hohe 
räumliche und zeitlich Auflösung der Daten von Untersuchungsobjekten eine vielschichtige 
Methode, um koordinatenbezogene Phänomene zu akquirieren. Das grundlegende 
Untersuchungsziel dieser Messkampagne ist die Analyse von natürlich freigelegten 
Störungsflächen (Bruchstufen bei normal abschiebenden Störungen) infolge von koseismischen 
Versatzes in Griechenland. Dabei liegt das Hauptaugenmerk dieser Untersuchung auf die 
Bereitstellung der Daten und die Entwicklung von zielgerichteten Arbeitsabläufen. Somit soll 
das terrestrische Laserscanning der Schnittpunkt zwischen terrestrischer Fernerkundung und 
Neotektonik darstellen. 
 
Die Abbildung und Analyse aktiver morphologiebildender Störungen mittels t-LiDAR stellen die 
Hauptziele der Untersuchung dar. Mit hoch auflösendem t-LiDAR sollen die Morphologie 
entlang von Störungssegmenten und Rauigkeit an Störungsflächen in Karbonaten untersucht 
werden. Um dies umzusetzen werden räumlich hoch auflösende Scanfenster entlang von 
Bruchstufen mit unterschiedlichen Prioritäten definiert, die mit quantitativen und qualitativen 
Methoden analysiert und interpretiert werden.  
Die Bildung und Exhumierung von solchen Bruchstufen erfordert Rutschereignisse auf der 
Störungsfläche, die durch starke Erdbeben ausgelöst werden. Nach der Exposition unterliegt 
die Fläche Erosion (Degradation, Verkarstung, Bioerosion), so dass theoretisch die oberen Teile 
einer Störungsfläche im Vergleich zu den basalen stärker verwittert und rauer sein müssten und 
somit andere Reflexionseigenschaften besitzen müssten. Über den Rauhigkeitsindex lassen 
sich dann einzelne Ereignisse und die Magnitude (Distanz) der koseismischen 
Rutschbewegungen erfassen. Zur Kalibrierung der t-LiDAR Methode, werden Untersuchungen 
an Bruchstufen in Griechenland durchgeführt, die mit kosmogenen Nukliden sehr aufwändig 
datiert worden sind. Ist die Methode erfolgreich, würde eine kontrollierte Probennahme an 
diesen Störungsflächen sowohl Zeit als auch Datierungskosten sparen. Indirekt könnte über 
relative Datierungen die Erdbebengeschichte aktiver Störungen, deren koseismisches 
Verhalten, deren maximales Rutschereignis (also die größte Magnitude), und Segmentierung 
seit dem letzten Glazialmaximum (LGM) ermittelt werden.  
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Introduction 
 2 
1 Introduction 
 
An earthquake is caused by a very rapid and generally instantaneous release of energy along a 
fault plane. The movement can generate ruptures close to the surface, which are obvious as 
ground surfaces displacements. In normal faulting earthquakes this slipped area of the fault 
plane can produce ground breaks along the trace of a fault or segment and leave step-like 
expression in the landscape. This footprint resulting from an earthquake is named fault scarp 
(Stewart & Hancock, 1990). The geomorphological imprint of displacement is a sensitive 
indicator used to identify active tectonic environments, and hence it is an indication of 
earthquake induced active faulting. Over an extended period of time, repeated large 
earthquakes create a fault-generated or seismogenic landscape (Michetti & Hancock, 1997; 
Dramis & Blumetti, 2005).  
With favourable lithology and climatic conditions in the fault-generated landscape, fault scarps 
can be preserved. For example, fault scarps of hard rock are long-living expressions; however 
fault scarps in unconsolidated sediments are features which can be rapidly eroded and are 
short-lived.  
For bedrock scarps, repeated strong earthquakes can produce a cumulative fault scarps along 
fault strike. These cumulative scarps contain information which can be used to reconstruct 
palaeoearthquakes which cause coseismic slip, and they therefore have the potential to record 
seismicity over a large time scale. These investigations on fault segments in terms of past 
tectonic events fall within the subject of palaeoseismology where the location, timing and 
dimensions of prehistoric earthquakes are of interest (McCalpin, 2009). This thesis focuses on 
the long living expressions in Greece (active bedrock fault scarps) with cumulative 
displacements (seismogenic landscape).  
The decoding of coseismic palaeoearthquakes in a defined environment on bedrock fault scarps 
is important for the estimation of seismic hazard potential in active fault zones. The scarp 
height, slip rate, dates of the individual earthquake events, the maximum age of the fault scarp 
as well as the sense of motion are all important variables which are used in seismic hazard 
assessment.  
The exposed segments of fault scarps resulted from shallow earthquakes (about 10 - 15 km) 
with magnitudes greater than 6 MS (Stewart & Hancock, 1990). Investigations on bedrock fault 
scarps are therefore important for strong earthquakes reconstruction; however, events that do 
not rupture the ground surface and leave no imprint in the landscape are difficult to recognise.  
Bedrock fault scarp surfaces contain preserved information regarding the displacement, stress 
field and slip rates of past earthquakes. Different methods exist to quantify this information such 
as calculation the scarp height for long term throw rate estimation, identifying kinematic 
indicators for long term slip rate estimation and stress field reconstruction and absolute dating. 
This preserved information, along with dating methods on the free face, is used to decode 
previous earthquake activity. If no dates are known through absolute dating, throw rates can be 
calculated assuming a postglacial date of 15 ± 3ka for first exhumation. Before this time, erosion 
rates were higher than the fault's slip rate and scarps could therefore not be preserved in the 
landscape (Benedetti et al. 2003; Reicherter et al., 2011).  
To support the conventional methods and develop new analytical approaches to study bedrock 
scarps using static terrestrial remote sensing methods, 15 different active bedrock fault systems 
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were studied in Greece. The studied naturally exhumed fault scarps are all postglacial in origin 
and therefore remain preserved in the landscape.  
 
1.1 Motivation 
 
To identify prehistoric earthquakes, long term archives such as geological and 
geomorphological records need to be studied (McCalpin, 2009). Therefore, the determination of 
past events on tectonically active landforms, such as bedrock fault scarps, can be used to help 
identify the activity of seismogenic landscapes (Michetti & Hancock, 1997). Through studying 
the geometry, extent and development of such a fault scarp, interpretations of timing and 
activity can be undertaken (Stewart and Hancock, 1990). The scale and dimension of fault 
scarps range from small artefacts of single events with low displacements and ruptured surface 
expressions to impressive bedrock scarps formed by cumulative and multiple past earthquake 
(e.g. Jackson et al., 1982 observed surface ruptures by normal faulting during the Alkyonides 
earthquake sequence).  
The focus of this study was to apply ground based static terrestrial laser scanning (t-LiDAR) in 
active extensional environments to quantify bedrock fault activity and bedrock fault 
characteristics. Furthermore, the t-LiDAR investigations combine interdisciplinary subjects such 
as remote sensing and neotectonics. The primarily challenge was to determine how t-LiDAR 
can support the conventional methods of analysis in tectonically active landscapes and to 
determine the potential of t-LiDAR and point cloud data for bedrock fault characterisation. The 
advantages of the t-LiDAR technique for active tectonics investigations include: the high 
accuracy of the data; data analysis can undertaken with objective methods such as statistical 
approaches for spatial distribution of relevant features; morphological studies can be carried out 
with regard to spatial analyses and distribution; the spectral behaviour information of the 
monochromatic laser beam can be utilised; and the in-situ conditions can be archives. 
Moreover, using t-LiDAR relevant information can be documented and data can be collected in 
inaccessible or dangerous areas of interest (AOI), and thus this technique provides the 
opportunity to acquire important fault information with high accuracy at a safe distance from any 
potential hazard (e.g. rockfall area; see Fig.1.13c and chapter 2 Ierapetra-Kavousi Fault Zone, 
Fig. 2.2c). The t-LiDAR data is used to produce high-resolution digital elevation models 
(HRDEM) and high-resolution digital backscatter signal models (HRDBSM). These are 
combined with panchromatic photos to study the structure of the bedrock fault planes and their 
geometry along strike. A high spatial coverage along the scarp's strike can be obtained; 
furthermore, the spatial variability of fault generated features can also be estimated. This is of 
significant importance for seismic hazard assessment and knowledge of the seismic cycle. This 
research approach allows important fault characteristics to be quantified at both the macro- and 
mesoscale, which can then be used for the estimation of hazard potential. Therefore, this study 
contains three important key topics with related questions. 
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• Topic 1: How does the authentic (naturally exhumed) bedrock fault scarp height vary 
along the ruptured segment? Which areas along strike can be used for accurate long 
term throw rate calculations? (Chapter 2) 
 
Quantitative measurements of geomorphic indices (slope gradient, mountain-front sinuosity, 
valley shape index and others) are used as a reconnaissance tool to identify areas experiencing 
tectonic deformation (the length of the fault segments; minimum, maximum and average of 
scarp heights; minimum, maximum and average long-term slip rates; fault geometry and fault 
morphology; maximum magnitudes) (Papanikolaou & Roberts, 2007). The reconstruction of the 
fault scarp height on active normal faults (resulting vertical displacement) can be used to 
calculate the long-term throw rate by assuming a postglacial (15 ± 3ka) date for first 
exhumation. This allows us to estimate the activity and repetition rates of the fault or segment, 
and can be compared to other faults or segments. The external influences of erosion and 
sedimentation can increase or lower the scarp height respectively. Therefore, the areas along 
strike which have undergone less external influences (authentic fault scarp) need to be 
identified in order to minimise the error in throw rate calculations. This is done by determining 
the distribution of displacement variation along the scanned fault scarp in combination with 
morphological analyses. If this is not done, fault activity can be over- or underestimated as only 
authentic fault scarps should be used for long-term throw rate calculations.  
 
• Topic 2: Is it possible to reconstruct the fault plane geometry with related kinematic 
indicators for stress field analysis along an active bedrock fault segment? (Chapter 3) 
 
Vertical displacement is not the only feature that varies along the strike of a normal fault 
segment. The direction of motion in from as slickensides on the fault plane can also change. 
Slickensides orientations can change over the fault scarp height at one investigation location. 
This orientation change can be interpreted as being formed by different events from different 
stress fields on a single fault segment. More common in the Aegean region is that slickenside 
orientations vary from the centre of the bedrock fault segment where there is dip-slip movement, 
to the tips where there is an increasing strike-slip component (Roberts, 1996). If these 
orientations are known they can be used to identify the centre of a fault that has the maximum 
vertical displacement. The sense of motion is therefore important for fault evolution and stress 
field reconstruction, and also for the calculation of displacement in the direction of slip. Fault-slip 
data obtained from the normal fault scarps are used to unravel the palaeostress history of the 
area. Fault-slip data needed for palaeostress calculations include: dip variations of striae along 
strike; dip and strike of the fault plane; kinematic indicator orientation; and sense of motion 
(Hancock & Barka, 1987; Doblas et al., 1997; Doblas, 1998, Gold et al., 2012). 
 
• Topic 3: Can we find evidence for individual faulting events on the bedrock scarp’s free 
face? (Chapter 4-5) 
 
In order to answer the above question the relative dating of different coseismic slip events on 
naturally exposed postglacial bedrock fault scarps needs to be undertaken. This is done by the 
analysis of fault plane structural changes and characteristic features over the free face height 
(see Fig. 1.6), which can be related to coseismic slip. The fault planes of natural exhumed 
scarps are increasingly altered by external influences with its increasing height above the 
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hanging-wall surface. Studies on active fault scarps which have undergone multiple and 
repeated past earthquake events produce a cumulative scarp with a moderately regular interval 
with similar event magnitudes on a relatively consistent fault trace (Stewart and Hancock, 1990). 
Therefore, individual past strong events which produce the cumulative scarp can be regularly 
distributed over the scarp height.  
From the time of exhumation these bedrock fault scarps are exposed to external processes 
such as erosion, karstification and weathering (Giaccio et al., 2002). Therefore, coseismic 
events are older with the increasing scarp height as they have been exposed to external factors 
for a longer time. This time dependence is noticeable on the plane surface by different stages of 
weathering, bio-erosion, karstification, fractures, vegetation and lichen growth. Further important 
characteristics that affect the surface structure are genesis related features like breccias, 
striation, fault gouge, kinematic indicators or calcite fibres. However, by characterising and 
classifying these phenomena over the scarp height using t-LiDAR data, relative dating is 
possible. The HRDEM datasets are analysed in terms of morphological parameter values 
through the application of appropriate models. For the roughness characterisation, international 
standard methods are common. The most important methods include: the joint roughness 
coefficient (JRC, e.g. Barton et al., 1977; Tse & Cruden, 1979), the root mean square method 
(RMS, Fardin et al., 2001), the statistics method mean square value (MSV), the roughness-
length method (Kulatilake & Um, 1999), the autocorrelation function (ACF), the structure 
function (SF) and especially for this thesis the terrain ruggedness index (TRI, Riley et al. 1999). 
When individual offsets can be quantified using the above analytical methods, empirical 
relationships such as those from Wells & Coppersmith (1994) can be used to determine the 
magnitude of these events. There is also a spatial dependence as to where the scan locality is 
on the fault plane itself which, along with the strike of the fault segment and the environmental 
conditions of data collection, must be considered in the evaluation (Roberts, 1996; Roberts & 
Michetti, 2004).  
 
All three topics with independent approaches for neotectonic issues should be combined and 
integrated into one model to help understand and interpret the faulting history of active normal 
bedrock fault segments (see Fig. 1.4). By using t-LiDAR these temporal and spatial 
modifications are recorded across active fault segments and are dimensionally preserved for the 
relevant analyses. For this the following factors were also considered in the research: 
 
• Acquisition and processing of t-LiDAR data 
• Image analysis and processing: Image information from the backscattered signal of the 
monochromatic, coherent laser beam is analysed in order to identify and classify the 
different surface conditions, especially the presence of vegetation, lichen, slickensides, 
breccias and palaeosols. Furthermore, the increasing roughness of the fault plane can 
be identified by the scattering behaviour. Geostatistical methods, unsupervised 
classification and clustering, such as the like maximum likelihood method, are applied to 
quantify and investigate the spatial distribution of relevant phenomena on the fault 
plane. 
 
The innovations in our approach to terrestrial laser scanning include new techniques in data 
collection, implementation and analysis; semi-automated workflows have also been developed. 
The use of the t-LiDAR technique on active faults is not yet well established in 
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neotectonic/palaeoseismic studies. Only a small number of projects have been carried out on 
the detection and characterisation of active fault planes with t-LiDAR (e.g. Fardin et al., 2001; 
Renard et al., 2004; Rahman et al., 2006; Renard et al., 2006; Kokkalas et al., 2007a; Sagy et 
al., 2007; Kondo et al., 2008; Candela et al., 2009; Candela et al., 2011; Candela & Renard, 
2012; Renard et al. 2012). Descriptive approaches are, however, more common and they are a 
supporting method to quantify, design, develop and establish the terrestrial remote sensing 
technique in neotectonic research. 
 
1.2 Normal bedrock fault scarps 
 
Active normal bedrock fault segments are evidence of past strong shallow earthquakes in an 
extensional tectonic regime (Stewart & Hancock, 1990). These morphological features comprise 
a hanging-wall, fault scarp and footwall (see Fig. 1.1), and by studying them we can reconstruct 
prehistoric events in terms of their magnitudes and intensities within an effected area (Wells and 
Coppersmith, 1994; McCalpin, 2009).  
These linear features (which generally have continuous fault scarps) often form coseismically 
during earthquakes, leaving “ribbons” of hard rock scarps (Fig. 1.1). Bedrock or hard rock fault 
scarps are long-lived expressions of repeated surface faulting in tectonically active regions, 
especially in the high deformation rate settings of the Mediterranean or other semiarid areas, 
where erosion cannot outpace the fault slip. Preservation of several metre-high, coseismic fault 
scarps is a function of reduced production and mobility of sediments along the slope, persistent 
climatic conditions (i.e. since 15-10 ka; Bar-Matthews et al., 1997; Gvirtzman and Wieder, 2001) 
and cumulative earthquake events along the same fault (tectonic slip rate > erosion rate). 
During glacial conditions enhanced sediment mobility was faster than fault slip movement and 
no fault scarps developed (Reicherter et al., 2011).  
This is broadly confirmed by cosmogenic dating of fault scarps in Greece (Sparta Fault, 
Peloponnesus, Benedetti et al., 2002; Kaparelli Fault, Greece, Benedetti et al., 2003) and Italy 
(Magnola Fault, Apennines, Palumbo et al., 2004), where oldest exposure ages of around 20-13 
ka have been found for the exhumation of limestone fault scarps. Therefore, the assumption for 
the detected faults is that these impressive scarps are formed in postglacial times.  
Different methods are used to decode earthquake evidence along active fault segments. Classic 
palaeoseismological studies usually first investigate the hanging- and footwalls of normal faults 
with high-resolution sub-surface geophysical techniques (GPR, resistivity, seismics; Reicherter, 
2001; Reiss et al., 2003), geomorphic topographic mapping (Papanikolaou et al., 2005) and 
leveling (GPS and micro-DEM, Piccardi et al., 1999). After finding suitable locations (sufficient 
sediment supply), cost-intensive trenching studies are carried out as fault activity is mirrored in 
sedimentary architecture, which for bedrock faults comprise the hanging-wall. Often results 
obtained from a single trench are ambiguous and more trenches and dating samples are 
needed (McCalpin, 1996).  
Along-strike variations in throw and slip rate, and hence fault activity (max. displacement, 
segmentation, end-to-end fault tips; Scholz, 2002) determine the seismic hazard, and 
recurrence intervals of earthquake tend to decrease as slip rates increase. Slip rates derived 
from geomorphic observations may also vary compared to those from trenches which lead to an 
over- or underestimation of slip rates.  
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As the fault ruptures, previously stored stress energy is released in waves of shaking that 
radiate out from the earthquake focus where the slip initiated. At the surface, the worst shaking 
damage is anticipated around the earthquake epicentre, directly above the earthquake’s focus. 
However, in contrast to the narrow corridor of surface rupture (Wells and Coppersmith, 1994) 
that follows the fault line, many tens to hundreds of kilometres of land around the epicentre will 
typically experience severe shaking in a large earthquake.  
On-fault studies significantly contribute to the seismic hazard assessment and seismic risk 
mitigation efforts of a region and demand a scientific understanding of both the primary (surface 
rupture) and secondary (surface shaking) effects of the earthquake process. This research aims 
to develop a relatively fast and cheap remote sensing technique for the assessment of past fault 
activity. Fieldwork methods along active faults in terrestrial environments include:  
 
• Mapping  
• Topographic profiling 
• Trenching 
• Coring 
• Dating 
• GPS 
• Geophysical methods 
• Remote sensing 
 
Strain builds up over a time period (interseismic) which is followed by a sudden stress drop 
during earthquakes (coseismic) (McGuire, 2008; McCalpin, 2009); therefore to reconstruct the 
average recurrence interval (frequency) and the activity (magnitude) of large events in a fault-
generated landscape, investigations on ruptured surfaces and the evaluation and dating of 
individual and cumulative displacements of large prehistoric earthquakes must be undertaken.   
These typically repetitive fluctuations in active fault zones (interseismic and coseismic; stress 
increasing and decreasing) are called seismic cycles; evidence for this cumulative deformation 
include primary (such as surface rupture, tectonic uplift/subside) and secondary (such as 
landslides and liquefaction) earthquake environmental effects (EEE), which are recorded along 
and across the area influenced by the fault (Reicherter et al., 2009). When the frequency of 
strong shallow earthquakes in an active fault zones is known, an estimate of the range of time 
for future earthquakes can be carefully undertaken. In this investigation individual bedrock fault 
segments with cumulative displacements were analysed in terms of the activity and frequency. 
 
i Structure of an active bedrock fault segment 
 
Normal fault zones are often subdivided into different segments, which are usually subparallel to 
one another. These fault zones are able to grow by linkage of the subparallel fault segments. 
This mechanism allows the stress to be transferred or reloaded to the neighbouring fault 
segments during an earthquake sequence. In addition, the central segments of a linked fault 
zone are reloaded with stress more often, and therefore these segments have higher 
earthquake recurrence and slip rates compared to the fault segments which are more distant 
from the centre (Cowie and Roberts, 2001). 
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The focus of this research, however, is on individual separate fault segments in fault zones. The 
vertical displacement, geometry, dip and dip direction along strike are all analysed using t-
LiDAR point clouds. The studied segments with cumulative scarps are generally between 10 
and 25 km in length and have maximum slip-rates of 1.0 mm/yr. Moreover, the individual 
segments are able to generate earthquakes with maximum magnitudes M of 7 ± 0.5 (Roberts 
and Jackson, 1991; Wells and Coppersmith, 1994).  
Investigations on the spatial variability of displacement along strike of individual fault segments 
have shown a symmetric behaviour (Roberts & Michetti, 2007; McCalpin, 2009). The scarp 
height varies along the fault strike from the tips to the centre. The cumulative scarp ususally has 
a triangle shape when viewed along strike, where the maximum vertical displacement of 
repeated earthquake is close to the centre of the fault segment and decreases to the tips (Fig. 
1.1). Thus, for the displacement evaluation, the relative position of the segment within the fault 
zone must be considered (Cowie & Roberts, 2001).  
The reconstruction of the cumulative scarp height along the strike of the entire fault segment is 
necessary for the estimation of the activity of the individual fault segment in a defined time 
period (Papanikolaou et al., 2013). Therefore, profiles perpendicular to the strike along the fault 
trace are used to evaluate the distribution of the vertical displacement (Cowie & Roberts, 2001; 
Wilkinson et al., 2014). This scarp height and the age of the first earthquake that exposed the 
scarp are used for long term slip and strain rate calculations, which are important values for 
seismic hazard assessment.  
An individual fault comprises the footwall, fault scarp and hanging-wall (Fig. 1.1). In this study 
the investigated faults generally comprise carbonate footwalls and alluvial/colluvial sediments in 
the hanging-walls. The scarp which separates the footwall and hanging-wall is influenced by 
external processes over time such as erosion and sedimentation. These processes modify the 
scarp height (Fig. 1.1; Chapter 2). The properties and composition of the footwall and hanging-
wall also influence the exhumed fault scarp and environmental conditions like the drainage 
pattern have the potential to modify all fault related features. Therefore, locations along the fault 
segment where further analyses are undertaken must be carefully selected.  
Studies on corrugations and striations along fault segments have shown that they can be used 
for fault length estimation, because the slip direction varies with throw and distance to the fault 
centre (Roberts, 1996; Michetti et al., 2000; Papanikolaou & Roberts, 2007). These kinematic 
indicators show dip-slip movement at the centre of a fault and an increasing strike-slip 
component towards their tips. Slickensides are, therefore, useful to determine the location on 
the fault with the maximum displacement; the length of individual segments can be mapped 
which can allow neighbouring segments from differentiated from one another (Fig. 1.1). 
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Figure 1.1: Sketch of active normal bedrock fault including the cumulative scarp formed from several earthquake 
events (stage 1 and stage 2), the fault growth by linkage (length of linked up segments L2) of different 
subparallel fault segments (with a segment length of L1), and the slickenside direction along the trace of the 
scarp (not to scale). The location for the different t-LiDAR investigations (long and close range t-LiDAR 
scanning) are shown. a) Summary of normal fault characteristics with the subdivisions of footwall (carbonates, 
drainage pattern), fault scarp (hard-rock scarp, soft-rock scarp) and hanging-wall (alluvial-colluvial deposits; 
uncemented, cemented colluvium); b) idealised model of fault growth by linkage in extensional tectonic regime 
where linkage occurs late in the history of the fault zone, and c) growth model where the linkage occurs at the 
onset of segment re-adjustment (based on Roberts and Koukouvelas, 1996; Roberts, 1996; Cowie and Roberts, 
2001; Roberts and Michetti, 2004). 
 
ii Structure of an active bedrock fault scarp 
 
In active extensional environments the fault scarps usually have dip of 50° to 70° (McCalpin, 
2009). The visible cumulative bedrock scarps in such a regime are products of repeated 
earthquakes and slip. The fault scarp morphology differs over the scarp height. In its upper part 
the scarp is generally degraded and strongly eroded; in its lower part near the colluvial surface 
the scarp is steeper and has a smoother surface.  
There are several features on fault scarps such as breccia or polished parts, and different 
processes such as erosion can influence, modify and transform the fault plane over time. Fault 
plane related features include: 
 
• Vegetation (Fig. 1.2a) 
• Lichen (Fig. 1.2b) 
• Breccia (Fig. 1.2 c) 
• Calcite fibres (Fig. 1.2d) 
• Tension gashes (Fig. 1.2e) 
• Slickensides (Fig. 1.2f) 
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• Karstification (Fig. 1.2g) 
• Horizontal weathering bands (Fig. 1.2h) 
• Joints, holes and cracks (Fig. 1.2i) 
• Degraded part (Fig. 1.2j) 
 
These features are useful for determining the sense of motion by slickenside lineation 
orientation (Chapter 3) and they are helpful for separating the fault plane into parts exposed by 
different rupture events by relative dating (Chapter 4-5). Some of these characteristics begin or 
end at particular heights on the exposed fault scarp. For instance, a significant increasing of 
lichen growth at a specific height on the exposed scarp can be obvious (Fig. 1.2b), or the 
amount of calcite fibres is decreasing over the scarp height (Fig. 1.2d). Moreover, a clear 
change in slickenside orientation over the exposed scarp height is a result of a change in the 
stress field, and thus the different orientations can be interpreted as a result of different events. 
Hence, the difference between fault-generated features during earthquake events such as 
kinematic indicators or polished parts, and features which are related to the time of exposed 
such as lichen growth or degradation must be distinguished. The fault plane surface is not the 
only location which can be influenced and subdivided; the scarp itself can be comprised of 
unbrecciated bedrock, coarse fault-precursor breccia, subslip-plane breccia sheet and 
corrugated slip plane (Hancock and Barka, 1987). Hence, a progressive differentiation from the 
free face into the bedrock can be observed creating an internal structure (Bastesen et al., 
2009). The fault scarp can be subdivided over its height as the oldest parts at the top of the 
scarp are more eroded than the fault plane at the base (Fig. 1.5, Chapter 4-5). These sharp 
weathering contrasts have already been used to delimit (sub-) recent slip events (e.g., 
Papanastassiou et al., 1993; Wu and Bruhn, 1994; Lee and Bruhn, 1996; Stewart, 1996). Rock 
surface weathering often leads to increased rock surface roughness, but roughness has proved 
difficult to quantify (McCarroll and Nesje, 1996; Giaccio et al., 2002). Several mechanical 
instruments are available for micromapping and recording rock surface profiles, the most 
appropriate for most purposes is the simple profile gauge (Power et al., 1987; McCarroll and 
Nesje, 1996; Stewart, 1996). However, attempts to quantify the varying degrees of weathering 
exhibited by active fault planes based on mechanical field measurements of the surface 
roughness have widely failed (Stewart, 1996; Giaccio et al., 2002). Usually, the scale and 
magnitude of roughness is the standard deviation of the differences between height values at a 
range of set horizontal intervals along a profile (McCarroll and Nesje, 1996). Fault surfaces are 
strongly anisotropic: profiles parallel to the slip direction have greater smoothness about one 
order of magnitude lower than those perpendicular to the slip direction over most of the 
wavelength interval measured (Power et al., 1987). Irregularities on fault surfaces, like micro-
grooves, micro-pits or asperities, may exhibit an apparent roughness. If the surface is 
weathered, a micro-karren relief with solution pits and rills may develop (Stewart, 1996). The 
mm-dm scaled features on exposed limestone scarps form relatively fast depending on 
lithology, climate and time since exhumation. Three-dimensional roughness is of particular 
interest in the field of remote sensing, and there is a substantial literature on the effect of rough 
surfaces on the scattering of electromagnetic radiation (e.g. Rahman et al., 2006). Hence, active 
naturally exhumed fault scarps have variations in important fault related features at different 
dimensions along fault strike and over the height of the scarp. 
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Figure 1.2: Photo plate showing some important features on active bedrock fault scarps that can be observed in 
the field: a) an increasing amount of the vegetation over the scarp height up to the degraded part of the fault 
scarp (Spili fault), b) increasing lichen growth (Kastelli fault), c) fault breccia (Zou fault), d) calcite fibres (Sfaka 
fault), e) tension gashes (Spili fault), f) slickensides (Spili fault), g) karstification (Giouchtas fault), h) horizontal 
weathering bands (Pisia fault), i) joints, holes and cracks (Spili fault), and j) the degraded upper part of the fault 
(Spili fault). 
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iii Dating of fault scarps 
 
Bedrock scarps are widely developed along active faults in the Mediterranean often displacing 
Mesozoic limestones against Quaternary colluvial deposits. Usually, the bedrock scarps are 
polygenetic, i.e., formed by repeated slip during seismic events of a certain magnitude, and they 
record all step-generating events along a given section (Giaccio et al., 2002). This means, that 
no obliteration or overprinting of past events is expected on the fault plane. Cosmogenic dating 
allows the determination of the exposure time(s) of parts of the bedrock scarps (e.g. Benedetti 
et al., 2002, 2003; Palumbo et al., 2004), which means that individual slip events on the fault 
plane can be dated and then related to earthquakes. The displacement per event can then be 
used with the empirical formulas of Wells and Coppersmith (1994) to estimate a magnitude of 
palaeo-earthquakes. In palaeoseismological investigations, usually a trench is dug in front of the 
scarp to study the hanging-wall sedimentary archive, from which the fault history can be 
delineated (McCalpin, 1996). These studies have many obstructions, e.g., the trench location 
(excavator access, owner), the characteristic part of the fault (sedimentation rate, erosion), or 
the presence of datable sediments, amongst others (stratigraphic gaps, slope wash sediments); 
however, trenching has provided most of the palaeoseismological data throughout the world. 
Unclear cases include multiple events, lichenometric dating and absence of organic material 
(14C dating). Another successful micromorphologic method is the “scarp height method” (Fig. 
1.5), which has provided very good results, e.g., in the Apennines of Italy (Papanikolaou et al., 
2005). However, the method does have some weak points: no recognition of separate events 
(no information on slip and date of individual events), it needs calibration with known-age offset 
of landforms or soil horizons, and the large timescale as scarp development covers several 
thousand to tens of thousands of years (mostly post-glacial). The advantages of the method 
include: information is gathered at much broader spatial and temporal scales, the scarp is 
representative of the long-term deformation rate, the method records along strike slip-rate 
variations, it can cover secondary scarps, and it is fast and cheap. All micromorphologic 
parameters can also be achieved during a t-LiDAR scan and also very fast. Erosion and 
karstification affect the fault plane during subaerial exposure and produce differential roughness 
on the plane. Other processes are soli- and gelifluction or sheet erosion (bedding parallel), 
which produce geomorphic features. Biokarstic corrosion (epi- and endolithic) as well as patina 
and calcrete hardpan formation can develop beside the above mentioned karstic features, like 
micro-karren, solution pits and grooves (often perpendicular to the fault plane). All these 
characteristics produce variations in roughness and the colour of the fault plane is also affetced. 
Paradoxically, the bio-settling on the surface and the related processes can induce a slowing 
down of the weathering (Giaccio et al., 2002), because of the covering action of lichens and the 
production of Ca-oxalate, which is less soluble than limestone. The bedrock-soil interface 
creates pits and ”notches” parallel to the fault scarp at the base due to humic acid dissolution, 
splash effects (projection of soil particles onto the base of the scarp), and the presence of 
grassy-shrubby vegetation at the base of the scarp (often no lichen development). When 
preserved these horizontal “exhumed” bedrock-soil boundaries on a fault scarp may indicate 
rapid slip on the fault plane, at least when the coseismic slip is larger than the rock-soil 
interface. The chosen examples of limestone bedrock fault scarps in Greece are situated well 
below the former glaciated areas (LGM), at heights between 250-300 m for the Sparta fault, 
250-500 m for the Schinos fault scarp (Perachora peninsula), and 100-500 m for the Kaparelli 
fault scarp; we therefore tend to exclude gelifraction (periglacial) as major scarp forming agent. 
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However, anthropogenic modifications, such as mining of the fault scarp breccia, urban 
construction or agriculture areas with terraces in the hanging-wall close to the bedrock fault 
scarp often occur.  
 
1.3 t-LiDAR  
 
The ground-based LiDAR (Light Detection And Ranging) or terrestrial LiDAR (t-LiDAR) method 
is relatively young and has been established as a versatile data acquisition tool in 
photogrammetry, engineering technologies, atmospheric studies and many other disciplines 
(Brenner, 2005). Today it is extensively used in various geoscience disciplines. Applications 
cover snow cover measuring, avalanche monitoring, sedimentology and stratigraphy (Bellian et 
al., 2005), rockfall and landslide observations, volume calculation of mass movements and joint 
detection. The use of the t-LiDAR technique on active faults is, however, not yet well 
established; a limited number of projects have been carried out with LiDAR for the detection and 
characterisation of active faults (e.g., Fardin et al., 2001; Kulatilake et al., 1998; Rahman et al., 
2006; Kokkalas et al., 2007a; Sagy et al., 2007; Kondo et al., 2008; Wilkinson et al., 2010, 
2014).  
The fundamental principle of LiDAR is to generate coherent laser beam with little divergence by 
stimulated emission. LiDAR is a contact- and destruction-less, non-penetrative active recording 
system with a commercial laser ranging system usually working in a wavelength range of 400 to 
1500 nm. The electromagnetic waves are reflected by surfaces and the receiver detects 
portions of the backscattered signal. The laser ranging system is based on measuring the time-
of-flight (i.e., two-way travel time) of the short laser signal. The range or distance to the target is 
calculated from the time elapsed between the transmitter pulse and when its received, and the 
speed of the laser pulse. For the pulse detection, the first pulse, the last pulse or the strongest 
pulse can be selected. Laser scanning allows 3D surface data acquisition, which is specifically 
characterised by a digital data record and computerised data analysis (Geist, 2004). Point 
measurements from different spatial directions are used to compute the object geometry (Kraus, 
2004). Data are provided as a point cloud with an extremely high resolution both in space and 
time; however, for accurate georeferencing to a global coordinate system the point cloud needs 
a geodetic benchmark. The illuminated area (footprint) is controlled by the wavelength, beam 
divergence, the range between sensor and target and the angle of incidence (Jörg et al. 2006, 
2007). If the laser beam is perpendicular to the object, then the footprint can be defined: the 
range between sensor and object is calculated by the time-of-flight from the single laser pulse. 
When the laser beam interacts with the surface, the beam is scattered and the detected 
backscatter power of the emitted laser pulse is function of the reduction of power density in 
association with the spreading of the laser beam (Höfle and Pfeifer, 2007; Jelalian, 1992). The 
physical principles of laser scanning systems, pulse detection, footprint, scattering and the 
interaction of laser beam and objects are described in detail by several authors (e.g., Jelalian, 
1992; Ackermann, 1999; Baltsavias, 1999a, b; Flood, 2001; Hofton and Blair, 2002; Wandinger, 
2005; Wagner et al., 2004, 2006; Hollaus et al., 2006; Lichti, 2007; Höfle and Pfeifer, 2007; 
Wendt, 2007). In our study we use the laser ranging system ILRIS 3D from OPTECH Inc., 
Ontario, Canada (Fig. 1.3). The advantages of the terrestrial method are the flexible handling, a 
relatively quick availability of an actual dataset, and a very high spatial resolution of the object 
with information about intensity, x-y-z-coordinates and range. The combination with a digital 
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camera allows combining the point cloud with panchromatic information in order to additionally 
achieve the RGB color-coding. Furthermore, an implementation of the dataset in a geographical 
information system (GIS) to assign meta data or attributes is uncomplicated with accurate digital 
elevation models (DEM) or digital terrain models (DTM) sourced directly from the raw dataset. 
Therefore, it is conceivable to perform detailed morphological and topographical analyses. The 
implementation in other required software packages is also possible. The application of LiDAR 
is limited by high precipitation or by low target reflection with cumulative distance and shallow 
incident angle. However, in terms of the close range t-LiDAR investigations in this thesis, these 
drawbacks are minimised by the low distance between LiDAR and object. Hence, the footprint is 
small-sized, so that the reflectivity is high and minimum spot steps can be used. In addition, the 
angle of incidence of the laser beam is almost perpendicular to the target (compare Fig. 1.7-
1.9). Further details of the data acquisition, processing and accuracy considerations especially 
considering geological t-LIDAR applications have been outlined by Buckley et al. (2008). 
 
 
Figure 1.3: Photo of the used t-LiDAR system (ILRIS 3D from OPTECH Inc) including the main components 
needed during fieldwork.  
 
1.4 t-LiDAR on fault scarps 
 
LiDAR has a wide range of applications with regards to palaeolseismology and related primary 
and secondary earthquake effects. LiDAR is used in several investigations for tracing or 
mapping of ruptured surfaces in terms of recent earthquakes (Engelkemeir and Khan, 2008; 
Hunter et al., 2011). Other investigations used the LiDAR method to quantify the damage, side 
effects and urban structure changes related to earthquakes (Kayen et al., 2006; Pesci et al., 
2010). These are descriptive approaches to characterise, archive and document the surface 
ruptures as well as the primary and secondary effects of earthquakes. Moreover, if the fault 
rupture along the strike is known, morphological analysis can be performed to characterise the 
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fault in terms of tectonomorphology and slip distribution (Wilkinson et al., 2014). t-LiDAR has 
been used for monitoring of active faults such as the post seismic slip of ruptured faults 
(Wilkinson et al., 2010) and the aseismic surface creep along fault strike (Karabacak et al., 
2011). These investigations demonstrate that t-LiDAR can be applied for in-situ analysis of fault 
activity. In addition t-LiDAR data were used to fuse the results with geophysical investigations of 
the near subsurface. The combination of surface morphology (of the footwall, fault scarp, 
hanging-wall) and subsurface structures (sediment formations of the hanging-wall) can be used 
to verify the tectono-geomorphic features of both methods and to determine the context these 
results have to each other within active extensional faulting (Bubeck et al., 2014). 
Up to now the applications with t-LiDAR on bedrock scarps are rare, but are slowly becoming 
more common. However, fault scarp roughness analyses have generally failed due to several 
technical problems or intense biokarsts (Stewart, 1996; Giaccio et al., 2002). Other very recent 
studies use t-LiDAR to produce high-resolution DTMs of active faults and earthquake ruptures 
(Kayen et al., 2006; Gold and Cowgill, 2008), as the geometries of the fault scarp and fault slip 
rates can be delineated. The t-LiDAR data are applied for scaling properties of surface 
roughness across non-weathered fault planes by using profiles perpendicular and parallel to the 
slip vector (Candela et al., 2009, 2011, 2012). Sagy et al. (2007) studied the fault surface 
geometry and provided quantitative evidence that the roughness of the fault-surface is evolving 
with increasing slip. The roughness reconstruction was achieved by the root mean square 
method. This method comprised the number of discrete measurements of the amplitude, the 
amplitude of the roughness about the centre line and the small constant distance between two 
adjacent amplitude readings (Tse and Cruden, 1979). Results of the study imply that the LiDAR 
system is capable in offering a complete high-resolution surface roughness reconstruction. 
Furthermore, Sagy and Brodsky (2009) showed the ongoing slip is smoothing the surface. A 
quite comparable study is provided by Kokkalas et al. (2007a), who studied the Arkitsa mega-
fault plane in Greece with t-LiDAR. Both applied high-resolution LiDAR to characterise the fault 
plane (i.e. non planar, irregular asperities, corrugations, etc.). This is not our primary intention in 
this project, because both studies were carried out on artificially exhumed fault planes in 
quarries. Our study is focused on naturally exhumed post-glacial bedrock scarps formed during 
coseismic slip, and how they can be used in palaeoseismological studies. Therefore, two 
approaches exist when using t-LiDAR on fault scarps: i) long range investigations and ii) close 
range investigations (Tab. 1). 
 
i Approach for this investigation 
 
All investigations were done on natural exhumed normal bedrock fault scarps (including fault 
surface alteration by external processes) with cumulative vertical displacements. In order to 
answer the relevant questions in this context (see motivation chapter 1.1), separate modular 
approaches and new strategies had to be created for the evaluation and processing of the static 
t-LiDAR data sets; a semi-automated workflow had to be produced for the analyses of the virtual 
3D information. For this, various software packages and data formats are needed. The results of 
all individual modular approaches in this study provide a helpful tool to assist in the evaluation 
of hazard potential in active tectonic environments (Fig. 1.4). 
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Figure 1.4: Sketch of the workflow from data acquisition to data interpretation for the different independent 
modular approaches and relevant topics. The three main issues in this thesis are: i) tectonomorphology using 
long range t-LiDAR data; ii) present stress field using long and close range t-LiDAR data; iii) relative dating 
using close range t-LiDAR data. The combination of these three topics is necessary for the estimation of seismic 
hazard potential in active tectonic regimes.  
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The workflow, from data acquisition through to interpretation, was developed and implemented 
during the fieldwork and data processing period. The following modular approaches were 
developed and will be described in the subsequent chapters of this thesis. However, the 
individual results of the different topics (modular approaches 1-3, Fig. 1.4) are related to each 
other, and therefore the results must be combined to complete the interpretation and evaluation 
of the fault (see chapter 5). 
 
ii Topic 1: long range t-LiDAR (chapter 2) 
 
For tectonomorphologic issues, the data from the long range t-LiDAR investigation are used. 
The selected spatial resolution of these data ranges from decimetre to centimetre. After the 
alignment of the associated scan sequences the irregularly distributed point cloud is 
georeferenced, orientated to the north and an angle transformation is made. For this the spatial 
reference and the natural spatial location of the data are recorded. The data are then cleaned of 
irrelevant elements (vegetation, artefacts, etc.) and the point clouds are converted into a grid 
format with the respective resolution. A spatially regular distribution of the point data is, 
therefore, possible, which is important for the analysis of the extracted profile. Then 
morphological analyses (slope, aspect, elevation contours, curvature, hillshade, etc.) are 
performed on the obtained HRDEM (Fig. 1.5). This allows the fault plane to be defined as well 
as the definition of issue-relevant areas of work. Profiles perpendicular to the fault surface are 
extracted from the HRDEM to calculate the scarp height, vertical displacement and the long 
term slip rate of the normal fault. These profiles consist of segments, which correspond to the 
spatial resolution of the long range t-LiDAR investigation. From the HRDEM, any number of 
profiles can be generated from the scanned fault segment to capture the variation of the scarp 
height. 
 
 
Figure 1.5: Sketch of an active normal fault (not to scale) demonstrating the different approaches used to 
estimate the vertical displacement of the scarp using both the conventional profile method and the LiDAR raster 
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data. Fault parameters include: h (scarp height 1 - the stratigraphic separation of the ground surface after 
Caskey, 1995); α (the surface gradient of the footwall); θ (the fault dip); c-a (surface slip); a-b (throw, scarp 
height 2 after Papanikolaou and Roberts 2007); b-c (heave); VS (vertical separation of the ground surface based 
on Caskey, 1995); visible FFH (free face height based on the raster approach using dip and curvature tool, see 
capture 3). The combination of both methods (conventional and raster approaches) are useful for fault scarp 
determination. 
 
iii Topic 2: long and close range t-LiDAR (chapter 3) 
 
In order to determine the fault scarp segment’s sense of motion, palaeostress analysis needs to 
be undertaken. In this process, the combination of long and close range t-LiDAR data are used. 
For this analysis the fault plane orientation, the orientation of slickenside lineation and the shear 
sense of motion, i.e. the movement of the hanging-wall, are required and were all determined 
using static t-LiDAR data.  
The combination of both t-LiDAR investigations with the corresponding spatial resolution of the 
data sets allows the stress field reconstruction along strike and over the height of the fault scarp 
(Fig. 1.5 and 1.6). Related investigations in this modular approach include studying reactivated 
fault scarps with multiple kinematic indicators to characterise the history of past stress field 
changes. The approaches from interested areas on the fault plane can be calculated with 
different software packages for morphological analysis and kinematic indicators determination. 
 
iv Topic 3: close range t-LiDAR (chapter 4-5) 
 
The research is focused on the changes in roughness, backscattered signal and surface 
conditions from the base upwards over the scarp surface. 
A fundamental hypothesis for this detailed analysis is the assumption that the ruggedness of a 
fault plane is increasing during the phases between rupturing earthquakes events. In other 
words the longer the inter-event time or the recurrence interval, the higher the ruggedness. In 
this inter-seismic period, external processes (i.e. weathering) have the potential to increase the 
ruggedness of the fault plane. This means that the processes producing the ruggedness 
(weathering, erosion) affect the surface significantly more during the inactive phases than during 
the displacement. This imprint on the fault plane should be noticeable and could be used for 
relative dating between two long inter-seismic periods on an active bedrock fault system. 
In the analysis of the HRDBSM, an unsupervised classification was performed, which are 
subsequently transferred with the maximum likelihood method in different classes. Moreover, 
the HRDEM was used for identifying ruggedness changes across the fault plane. After that the 
comparison of the independent results from the HRDEM and HRDBSM makes it possible to 
analyse the different surface structures on the fault plane virtually in scale preservation and is 
used for the interpretation of changes from the base to the top of the free face (Fig. 1.6). 
Introduction 
 19 
 
Figure 1.6: Sketch of an active normal bedrock fault scarp surface indicating different fault related features 
(based on Giaccio et al., 2002). The orientations of both the fault plane and kinematic indicators are needed for 
reconstruction the stress regime. These include the reference axes (x, east; y, north; z, up), the strike of the 
fault plane, the dip angle azimuth of the fault plane (d), the dip of fault plane (p) (for fault plane orientation), as 
well as the angle of the slip vector orientation (i, pitch of slickensides) and the direction and the sense of slip 
(indicates by narrows of slickensides) (based on Angelier et al., 1982)  
 
1.5 Quality evaluation of close range t-LiDAR data on normal 
bedrock fault surfaces 
 
Before starting the main investigation on different individual fault systems, a test site on a 
normal fault scarp was needed to simulate different recording scenarios to ensure the t-LiDAR 
data is of high quality. This study was also done to ensure the comparability of the different 
scanned fault scarp using close range t-LiDAR investigations, and to find the best position for 
the scanner, which ensure a high quality of the point cloud. The following question needed to be 
answered: 
 
• How does the recording geometry and properties of close range t-LiDAR control and 
affect the point cloud data of the bedrock fault scarp? 
 
A typical normal bedrock fault scarp with representative characteristics was chosen. The study 
includes the data recording with different inclination angles to the fault plane, different ranges 
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between the t-LiDAR system and fault scarp as well as different resolutions of the recorded 
point cloud data (Fig. 1.7).  
The following analysis was done to determine the influence of the recording geometry in field 
conditions. This was necessary to evaluate the optimal scanner position for data collection. The 
primary aim of this investigation was to quantify the influence of different recording parameters 
(range, inclination, resolution and degradation) on the data quality, in particular the effects on 
the backscatter signal. This study is especially needed for topic 3 to evaluate the structural 
changes on the bedrock fault plane (free face). For this issue, a 5 m2 scan window on a typical 
active free face bedrock scarp was scanned 14 times with various parameters. The study area 
includes joints, different weathering stages, striation and fault breccia (Fig. 1.7b, c). The 
combination of these features on fault surface implies that a range of different backscattered 
signals should be acquired; and it is representative location for principal fault plane features. For 
the statistical analysis the point cloud was imported in a geographical information system (GIS) 
and converted into a consistent raster format (Fig. 1.8).  
 
 
Figure 1.7: Experimental setup for close range t-LiDAR data collection including different scan positions, 
resolutions and ranges (modified from Oberröhrmann, 2009). a) sketch of the experimental setup; b) photo of 
Introduction 
 21 
the investigation area on the fault plane; c) the classification of the fault plane related features such as breccia, 
slickensides, gouge and joint. 
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Figure 1.8: Raster visualisation of the different recording geometry results. (I) influence of different point cloud 
resolution, (II) influence of different ranges, (III) influence of different inclination angles (modified from 
Oberröhrmann, 2009). 
 
 
Figure 1.9: Summarised results of the different recording parameters (resolution I, range II, inclination III) in 
terms of the different fault plane features (breccia, slickensides, fault gouge, joint) and their backscatter 
behaviour. The boxes indicate the range of the following analysis on the different individual fault scarps using 
the close range t-LiDAR investigations. All close range investigations were done perpendicular to the fault, less 
than 30 m distance, and with a high point resolution (1mm – 8 mm) (modified from Oberröhrmann, 2009). 
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The results of the different resolutions indicate a decrease in the backscatter values with 
increasing point to point distance of the point cloud; but the changes are small (Fig. 1.9I). 
However, if the resolution reduces to the size of a fault plane feature, these features are not 
detected or visible in the point cloud (Fig. 1.8I resolution 005). More noticeable is the influence 
of the backscatter signal with the range between the system and object, where a decrease in 
the backscatter values with increasing distance is evident (Fig. 1.9II). However, the parameter 
with the most influence on data quality and backscatter signal is the inclination angle (Fig. 
1.8III). The results show a high fluctuation between low and high inclination angle, with the least 
variation using the perpendicular scan position (Fig. 1.9III).  
Consequently, all close range investigations were done close to perpendicular to the fault plane, 
at a distance less than 30 m between system and object, and using a high point resolution 
(1mm – 8 mm). 
 
1.6 Greece 
 
Seismic hazard assessments estimate the expected level of ground motion intensity that could 
occur during seismic events. Various seismological criteria such as maximum magnitude, 
seismic rate and rate of moment release are used in the assessment (Makropoulos and Burton, 
1985). The seismic hazard analysis for Greece began in the 1970s to identify seismogenic 
zones, which are seismotectonically homogeneous, to create hazard maps (Papazachos et al., 
1993). The whole of the Aegean region can be classified as having a high seismic hazard. The 
main reason for the high seismic activity in the Aegean is the retreat of the northward 
subducting African plate under the Eurasian plate south of Crete, which is forming the Hellenic 
Arc and the westward motion of the Anatolian plate along the North Anatolian Fault Zone in the 
north of Greece (Fountoulis and Mariolakos, 2008; Jolivet and Brun, 2010) (Fig. 1.10). The slip 
rate on the North Anatolian Fault Zone is around 25 mm/yr, the southwest motion of the Aegean 
microplate amounts 35 mm/yr, and the slip rate of the northeast moving African plate is 10 
mm/yr (Goldworthy et al., 2002).  
The Aegean region where shallow seismicity occurs is mainly associated with normal faults 
(McKenzie, 1978). The different slip rates and directions of the plates cause a multidirectional 
orientation (strike of the escarpments) of the resulting normal faults. The main orientations of 
the normal faults in extensional regimes in the study area are roughly N-S and E-W. The region 
of Greece is one of the only places in the world where it is possible to have earthquake activity 
in a hundred-years time-scale (Clarke et al., 1997). The correlation between the strong motion 
duration of shallow earthquakes versus surface wave magnitude MS has shown that Greece has 
the potential for an evident threshold level of acceleration and magnitude range of 5.0 ≤ MS ≤ 
7.5 (Papazachos et al. 1990). Consequently, Greece and the whole of the Aegean region are 
considered to be one of the most seismic active areas of the Mediterranean with rapid continual 
extension rates and a high level of seismic hazard (Papazachos et al., 1993; Collier et al., 
1998). As a result of this activity, escarpments created by normal faulting in hard Mesozoic 
limestone are evident (Goldworthy and Jackson, 2000). The continental limestone formations in 
the different study areas result from the compressional regime during the Cretaceous-Miocene 
Alpine collision (Roberts and Ganas, 2000). In this study, only these continental bedrock fault 
segments, which represent the current extensional tectonic regimes, are the focus of the 
analyses. 
Introduction 
 24 
The investigation areas can be classified into roughly three main areas: the Gulf of Corinth, 
Peloponnese and Crete (Fig. 1.10). All investigated faults have large segment lengths, which 
have a potential for earthquakes with magnitudes greater than 6 MS (Wells and Coppersmith, 
1994). In particular, the Gulf of Corinth with the graben-like structure (the graben is asymmetric), 
which is roughly 100 km long and 40 km wide, is one of the most rapidly extending regions (N-S 
extension direction) in Europe with extention rates of 13 mm/yr in the western part and 6 mm/yr 
in the eastern part (Goldworthy and Jackson, 2001). The developing faults are  generally 
trending WNW-ESE with a maximum segment lengths of about 15 – 25 km (Roberts and 
Jackson, 1991).  
Investigations of past strong shallow earthquakes in Greece that leave cumulative fault scarps 
in a seismogenic landscape (seismogenic zone) are useful to support seismic hazard 
assessment, and the results such as vertical displacement, slip rate and magnitude of individual 
earthquakes are fundamental input variables for creating hazard maps.  
 
 
Figure 1.10: Simplified overview map of the investigation areas in Greece (based on Doutsos and Kokkalas, 
2001). a) investigated normal faults in Crete (Kastelli fault; Irapetra Kavousi fault; Lastros fault; Asomatos fault; 
Spili fault; Giouchtas fault; Messara fault); b) Peloponnese (Sparta fault); c) t-LiDAR recorded faults in the 
eastern part of the Gulf of Corinth (Loutraki fault; Perachora fault; Pisia fault; Erythres fault; Kaparelli fault; 
Delphi fault; Dionysos fault). 
 
Introduction 
 25 
1.7 Investigation areas 
 
The primary objectives of this research approach are the terrestrial remote sensing investigation 
of active bedrock fault scarps in the context of tectonomorphology (chapter 2), stress field 
(chapter 3) and relative age determination (chapter 4-5) of individual earthquake events 
(individual past events). For this purpose, different data recording methods (long/close range t-
LiDAR investigation) and different spatial resolutions were used (see Tab. 1). Data recording 
using terrestrial laser scanning on faults in bedrock formations was carried out from 2009 to 
2012. A total of 15 different fault systems on mainland Greece (eight fault zones) and on the 
island of Crete (seven fault zones) have been scanned (Fig. 1.10 – 1.13). The following fault 
segments were scanned with t-LiDAR by using both long and close rang investigation: 
 
April 2009 terrestrial laser scanning of four different normal fault scarps in Attica, Corinth, 
Peloponnese 
• Kaparelli fault with 13 scan windows totalling a length of about 50 m (close range 
investigation). 
• Sparta fault with 15 scan windows each with a length of ca. 10 m at 12 different locations 
along the fault segment (close range investigation). 
• Pisia fault with one scan window ca. 5 m in length (close range investigation) 
• Loutraki fault with three scan windows totalling a length of ca. 30 m at one scan position 
(close range investigation) 
October 2009 terrestrial laser scanning of two different normal fault scarps in Viotia und Attika 
• Erythres/Dafnes fault with two scan windows totalling a length of ca. 40 m at one scan 
position (close range investigation) 
• Delphi fault with 10 scan windows totalling a length of ca. 100 m at seven scan positions 
(close and long range investigation) 
June / July 2010 terrestrial laser scanning of eight different normal faults scarps in Corinth, 
Attica and Crete 
• Perachora fault with three scan windows totalling a length of ca. 50 m at three scan positions 
(close range investigation) 
• Loutraki fault with one scan window ca. 100 m in length (long range investigation) 
• Dionysos fault with three scan windows each with a length of ca. 20 m at two scan positions 
(close range investigation) 
• Giouchtas fault with five scan windows totalling ca. 70 m in length (close range investigation) 
• Kastelli fault with two scan windows each with 150 m length at two different scan positions 
(long range investigation) 
• Messara (Asterussia) fault with one scan window ca. 70 m in length (long range 
investigation) 
• Spili fault including five scan windows at four different scan positions (close and long range 
investigation) 
• Asomatos fault with one scan window (long range investigation) 
March 2012 terrestrial laser scanning of two different normal fault scarps in Crete 
• Lastros fault including four scan windows with a total length of 200 m at one scan position 
(long range investigation) 
• Ierapetra-Kavousi fault with three scan windows (close and long range investigation) 
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Figure 1.11: Localities of the different investigated fault segments (mainland Greece and Crete) using long and 
close range t-LiDAR recording (based on Landsat-ETM data 30 m cell resolution in GIS). The triangle indicates 
the strike of the fault and the peak of the triangle implies the fault dip direction. The locations where the photos 
were taken are marked (see Fig. 1.12-1.13). 
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Figure 1.12: Photos of the investigated fault segments on mainland Greece using t-LiDAR: a) Loutraki fault, b) 
Perachora fault, c) Pisia fault, d) Erythres fault, e) Kaparelli fault, f) Sparta fault, g) Delphi fault, h) Dionysos fault 
(great circles were virtually calculated (see chapter 3) at the scanned location using t-LiDAR point cloud data). 
The triangles indicate the fault strike (see Fig. 1.10-1.11). 
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Figure 1.13: Photos of the investigated fault segments on Crete using t-LiDAR: a-b) Kastelli fault, c) Ierapetra-
Kavousi fault, d) Lastros fault, e) Asomatos fault, f) Spili fault, g) Giouchtas fault, h) Messara fault (great circles 
were virtually calculated (see chapter 3) at the scanned location using t-LiDAR point cloud data). The triangles 
indicate the fault strike (see Fig. 1.10-1.11). 
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Tab 1: Summary of the t-LiDAR investigations on the mainland of Greece and on the Crete Island. 
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This thesis, however, does not discuss all recorded fault scarps and segments. The focus is on 
the development of innovative approaches based on spatial surface t-LiDAR data sets to 
determine relevant fault characteristics that are useful and important for earthquake hazard 
assessment (see motivations 1.1 and Fig. 1.4). It contains the analysis of the recorded data in 
terms of tectonomorphology, stress field analysis and surface structural changes to specify fault 
evolution. In total, eight different fault segments are discussed, and the results were analysed to 
verify the developed conventional methods and to establish the t-LiDAR technique in active 
tectonics investigations. The discussion is based on the following investigations: 
 
• Five fault segments on the island of Crete (Kastelli fault, Ierapetra-Kavousi fault, Lastros 
fault, Asomatos fault and Spili fault; see chapter 2) were analysed using long range t-
LiDAR to determine suitable areas on the segment for long term throw-rate calculations 
(topic 1; chapter 2). 
 
• The Spili fault segment (Crete) was analysed along strike in order to reconstruct the 
stress field based on long and close range t-LiDAR data and to establish a virtual way 
to reconstruct the stress regime (topic 2, chapter 3). 
 
• Two fault segments (Pisia fault and Kaparelli fault, mainland Greece) were analysed in 
order to prove the modular approach of relative dating using exhumed fault plane 
structure changes along scarp height (topic 3, chapter 4); and moreover to combine 
topics 1, 2 and 3 to complete the interpretation of past fault activity (chapter 5). 
 
Hence, the active bedrock fault scarps were investigated in terms of different dimensions and 
different resolutions with independent approaches. 
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chapter 2 
 
bedrock scarp variation on normal faults in Crete using 
long range t-LiDAR: methodological aspects and 
implications for long term slip-rate determination 
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This chapter 2 is based on the publication (stand of the manuscript (2015); stand of the method (2012/13) and will be 
submitted): 
 
Wiatr, T., Papanikolaou, I., Mason, J. & Reicherter, K., 2015, Bedrock scarp variation on normal faults in Crete using 
long range t-LiDAR: Methodological aspects and implications for long term slip-rate determination. 
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2 Bedrock scarp variation on normal faults in Crete 
using long range t-LiDAR: Methodological aspects and 
implications for long term slip-rate determination 
 
Abstract 
 
This paper assesses the along strike variation of active bedrock fault scarps using long range 
terrestrial laser scanning (t-LiDAR) data in order to determine the distribution of scarp height, 
map its features and extract long term throw-rates. Five faults on Crete which display 
spectacular limestone fault scarps have been studied using high resolution digital elevation 
model (HRDEM) data. We scanned several hundred square metres of the fault system including 
the footwall, fault scarp and hanging wall of the investigated fault segment. The vertical 
displacement and the dip of the scarp were extracted every metre along the strike of the 
detected fault segment based on the processed HRDEM. The scarp variability was analysed by 
using statistical and morphological methods. The analysis was done in a geographical 
information system (GIS) environment and allowed comparison and combination of both 
methods. Statistical analysis of the variation of the displacement behaviour along the fault scarp 
shows a normal distribution for the scanned fault scarp’s vertical displacement. Based on these 
facts, the mean value of height was chosen to define the actual vertical displacement and this is 
named as authentic scarp of the natural exposed segment with minimal external influences. 
Hence, the fault segment can be subdivided into areas that are high or less influenced by 
external modification like erosion and sedimentation processes. A methodology has been 
developed in order to determine the variability of vertical displacement along strike the fault and 
assess the influence of external processes. By combining morphological and statistical analyses 
localities with minimal external influences have been traced. Extraction of such localities is of 
major importance for the accurate calculation of slip-rates and the selection of cosmogenic 
sampling sites. The major points are:  
i) there is no direct correlation between the fault’s mean vertical displacement and dip (R² less 
than 0.31); ii) without subdividing the scanned scarp into areas with differing amounts of 
external influences, the along strike variability of vertical displacement is ±35%; iii) when the 
scanned scarp is subdivided the variation of the vertical displacement of the authentic scarp 
(exposed by earthquake sequences) is in a range of ±6%; iv) the calculation of the long term 
throw-rate (since 13 ka, regarding and comparing to Caputo et al., 2010, the analysed fault 
segments are post-glacier fault scarps) for four scarps in Crete using the authentic vertical 
displacement is 0.35 ± 0.04 mm/yr at Kastelli 1, 0.31 ± 0.01 mm/yr  at Kastelli 2, 0.85 ± 0.06 
mm/yr at the Asomatos fault (Sellia) and 0.55 ± 0.05 mm/yr at the Lastros fault. 
 
2.1 Introduction 
 
Successions of shallow earthquakes greater than 6 MS can produce an imprint in the landscape 
known as fault scarps (Stewart & Hancock, 1990). Fault scarps produced by active normal 
faulting can be found all over the world and are a result of the present local extensional regime. 
The slipped area of the fault plane often extends to the surface and tears the land apart to 
produce ground breaks along the fault and leave a distinctive, step-like expression in the 
landscape. Therefore, fault scarps are dislocations of the ground surface and one of the primary 
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geomorphic expressions of active normal faulting. Furthermore, over an extended period of 
time, repeated large morphogenic earthquakes create a seismogenic landscape (Michetti et al., 
2005; Dramis & Blumetti, 2005). Bedrock fault scarps are long-lived expression of repeated 
surface faulting in tectonically active regions, especially in the high deformation rate areas of the 
Mediterranean, where erosion cannot outpace the fault slip (Roberts & Michetti, 2004). 
The post-glacial scarp offset smooth hillsides that are typical of former periglacial processes, 
providing a regional marker of known age. Even though no glaciers exist today, periglacial 
processes represent an important geomorphological agent on the highest peaks (Hughes et al., 
2006). It is well known that global climate cooling led to a widespread increase in mountain 
erosion rates (Molnar and England, 1990) and the preservation of postglacial carbonate fault 
scarps reflects strong climatic control on rock breakdown by frost cracking (Tucker et al. 2011). 
During the last glacial maximum, most of the area was not permanently covered by ice, but 
experienced periglacial conditions with vigorous freeze–thaw action, providing a considerable 
amount of debris leading to high erosion–sedimentation rates on mountain slopes. In addition, 
the harsh climate restricted the vegetation, promoting high erosion rates. As a result, 
sedimentation and erosion rates exceeded fault throw-rates resulting in smoothed hillsides that 
are graded to the same gradient on either side of fault scarps (Giraudi 1995, Roberts and 
Michetti 2004, Papanikolaou et al. 2005). The existence of well‐preserved Holocene bedrock 
fault scarps along active normal faults in the Mediterranean region suggests a dramatic 
reduction in rates of rock weathering and erosion that correlates with the transition from glacial 
to interglacial climate (Tucker et al. 2011). Tucker et al. (2011) applied a numerical model 
calibrated with Cl 36 isotope data from the Magnola postglacial scarp in central Apennines and 
calculate that the maximum hillslope erosion rates during glaciations was thirty times higher 
than the modern rate of scarp weathering. The major glacial retreat phase in the central 
Apennines began at about 18 kyr ago, dominating the present geomorphology of the region 
where slopes have been preserved because after the demise of the glaciation, vegetation 
stabilised the mountain slopes and erosion rates decreased producing a thin (ca. 1–2 m) 
organic soil (Giraudi, 1995; Giraudi and Frezzotti, 1997). An extensive database of radiocarbon 
dates and tephrachronology reveal the absolute and relative ages of the late glaciation-related 
deposits and slopes in central Apennines (Giraudi and Frezzotti, 1997). A postglacial age is also 
confirmed by 36Cl cosmogenic isotope dating of carbonate fault scarps in central Apennines 
(Palumbo et al., 2004; Schlagenhauf et al., 2010) and in southern Greece (Benedetti et al., 
2002). Indeed, Peloponnese and Crete display evidence of former glaciation and intense 
periglacial activity (Mastronuzzi et al., 1994; Hughes et al., 2006 Hughes and Woodward 2008). 
In particular, Mastronuzzi et al. (1994) describe glacial landforms towards the eastern flank of 
the Taygetos Mt in the southern Peloponnese and Poser (1957) in Crete. These postglacial 
bedrock scarps vary in height along strike, exhibiting higher values towards the centre of the 
faults that diminish towards the tips (e.g. central Apennines (Roberts and Michetti 2004) and 
southern Apennines (Papanikolaou and Roberts 2007)). The latter confirms that these scarps 
have resulted by tectonic activity and excludes any exhumation by differential erosion which 
would imply a constant scarp throw value along strike the fault (Roberts and Michetti 2004). 
Decoding bedrock fault scarps regarding tectonomorphology, stress field and dating of 
earthquake sequences in active environments is important for seismic hazard assessment. This 
is because they are indicators of past large surface faulting events and may provide slip rates 
and information on slip per event (Benedetti et al., 2002; Palumbo et al., 2004; Giaccio et al., 
2002). Hence, the fault scarp height of an active fault system is determined by the slip rate of 
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the last several strong earthquake events (Roberts & Michetti, 2004). These long term faulting 
processes on an active normal bedrock faults are, however, spatially variable along the strike of 
a fault system (Cowie & Roberts, 2001). This can be observed in the field by the segmentation 
of faults as well as from analogue models in the laboratory (Mansfield & Cartwright, 2001). 
Furthermore, numerous authors postulate that the active bedrock fault scarps in the 
Mediterranean area are predominantly postglacial (Giraudi 1995, Benedetti et al. 2002; 
Palumbo et al. 2004). The fault scarps with the visible free face are exhumed and preserved in 
the landscape in this region because since the last glacial maximum the fault slip rate has been 
higher than the erosion rate (Roberts & Michetti, 2004; Schlagenhauf et al., 2010, Tucker et al., 
2011). Studies regarding average erosion rate estimations of limestone range between 0.018 - 
0.009 mm/yr for inland and 0.14 - 0.04 mm/yr for costal areas (Furlani et al. 2009), moreover 
studies of average weathering rates on post-glacial bedrock fault scarps are 0.2 – 0.4 mm/yr 
(Tucker et al. 2011). These are significant very low values in comparison to the fault’s slip rate. 
For example, fault slip-rates of most Mediterranean faults range from 0.3 – 2 mm/yr (Benedetti 
et al. 2002, Roberts & Michetti 2004, Papanikolaou & Roberts 2007). 
The evaluation of scarp height variation along the strike of an entire fault is necessary for the 
analysis and calculation of the activity of individual fault segments and the spatial distribution of 
hazard in maps (Roberts et al., 2004; Papanikolaou et al., 2013). Different studies have shown 
that the highest slip rate on a fault is located at the centre of the fault segment or fault system 
and decreases gradually towards the tips (Walsh et al., 2003; Roberts & Michetti, 2004; 
Papanikolaou & Roberts, 2007, Wilkinson et al. 2015). Considering this, if the scarp height 
variability along strike is known, and the age of the first earthquake sequences that exposed the 
scarp (uppermost part of the normal fault scarp), the long term slip rate and strain rate variation 
over this time scale can be estimated. These results are necessary for the evaluation of active 
faults or fault segments, and therefore constitute an important aspect for seismic hazard 
assessment. The scarp height is, however, not only influenced by faulting processes but by 
scarp erosion due to catchments and also sedimentation on the hanging wall where 
accumulation of the unconsolidated sediment occurs.  
The influence of the external processes, referring to the footwall, exhumed fault scarp and 
hanging wall at different spatial scales and degrees, makes it difficult to quantify the exact 
authentic (with minimal external influences) fault scarp height. This is because the degree of 
alteration varies along the fault trace. In this context the term authentic fault scarp is defined as 
the natural exposed fault scarp with minimal external influences such as sedimentation, erosion 
or human influence.  
In this study, however, we assess the bedrock scarp height variation at the meso-scale 
dimension (extending several hundred meters along the strike of the fault). A summary of the 
different influences which affect the active bedrock fault scarp are presented to show the 
distribution of variability of effects along strike of a segment (Fig. 2.1). This high variability in the 
vertical displacement can be attributed to: i) the bedrock fault scarp and the free face is highly 
eroded and collapsed areas on the fault plane have occurred along the scarp due to scarp 
heterogeneity or runoff in gullies or gorges (Fig. 2.1b, e, g); ii) the colluvial sediments on the 
hanging wall are eroded or accumulate close to catchments depending on their composition 
(unconsolidated or cemented sediments)  (Fig. 2.1a, c, d); iii) both the scarp and hanging wall 
are influenced by erosion or sedimentation (Fig. 2.1b, g, h); iv) the influence of anthropogenic 
activity (Fig. 2.1i). In addition, the scarp’s vertical displacement variation should be less with 
increasing distance from obvious external influenced areas (Fig. 2.1f). However, if the scarp 
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height variation along the scanned segment is high, then more investigations should be 
undertaken to describe and explain this variation distribution. In other words, if an 
anthropogenic influence can be excluded the fault scarp has been influenced by external 
processes. Therefore, the site will be inappropriate for collecting samples for absolute dating 
methods due to the possible modification of the hanging wall and also unsuitable for long-term 
slip-rate calculation. 
 
 
 
Figure 2.1: Summary of the variation along the strike the bedrock fault scarp due to the influence of the external 
processes that can lead to under or overestimation of the extracted slip-rate: a) the quaternary alluvial-colluvial 
deposits partly or fully cover the bedrock fault scarp; b) the erosion of the bedrock fault scarp is higher than 
hanging wall erosion due to runoff, or the erosion of the hanging wall is higher than the fault scarp erosion (see 
g, depends on the compassion between the colluvial deposits and runoff); c) gullies with continuous runoff 
erode the hangingwall exposing a bigger portion of the scarp than has been produced by earthquakes ; d) the 
fault scarp height is decreasing as colluvial deposits accumulate covering the scarp; e) the variation of the free 
face along strike is a result of fault scarp erosion and/or erosion and accumulation on the hanging wall; f) there 
are minor drainage pattern influences and the relation between free face and hanging wall is relatively constant; 
g) gullies with intermittent runoff erode the hanging wall exhuming the scarp; h) erosion affects the hanging wall 
deposits close to gullies with intermittent and/or continuous runoff (also see c) and increases the height of the 
scarp by transporting sediments away on the hanging wall; and i) the bedrock fault scarp is influenced by 
anthropogenic activity. 
 
Extracting slip-rates from such localities can lead to significant inaccuracies regarding the 
seismic hazard estimate. However, regarding to the height distributions along the faults 
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segment, the variation of the seismic hazard can be estimated (concerning to the variation of 
the exposed fault scarp in few hundred metres) and the knowledge about the fault growth can 
be evaluated (models show an increase of scarp height to the centre of the fault segment) 
(Roberts & Michetti 2004). It is therefore essential to find objective, transparent and reproducible 
methods in order to quantify the vertical displacement of the active bedrock fault scarp that 
represents authentic slip (authentic fault scarp height) and has not been affected by erosion or 
sedimentation (the authentic fault scarp of the natural exposed fault scarp). 
Several publications describe methods for the measurement of normal bedrock fault scarp 
height based on tectonomorphological analysis (Caskey, 1995; Walker et al., 2009). Normally, a 
number of profiles perpendicular to the fault scarp along the entire fault segment are produced. 
From the geometry of these profiles, the scarp height and the dip of the fault scarp can be 
reconstructed and these results are used for the calculation of observable throw and throw rate 
(Papanikolaou et al., 2005). However, this method requires a large number of topographic 
profiles to be taken during fieldwork and has other limitations such as inaccessibility to the sites 
or safety issues. Nevertheless, the vertical displacement as well as the maximum throw of the 
postglacial fault scarps in Italy by using the profile method has a threshold and error of around 
±20% (Papanikolaou et al., 2005; Caputo et al., 2006).  
The remote sensing method airborne LiDAR (Light Detection And Ranging) as well as the 
terrestrial mobile and static LiDAR systems are the subject of several investigations to map and 
collect data on fault traces in seimogenic landscapes, and are established methods in 
palaeoseismological research. These methods allow large areas to be mapped with a high 
resolution. Laser scanning has a wide range of applications in palaeoseismology and several 
publications demonstrate successful operations (Harding & Berghoff, 2000; Cunningham et al., 
2006, 2007; Engelkemeir & Khan, 2008; Oldow & Singleton, 2008; Wiatr et al., 2013, 2015). In 
this study, data from static long range t-LiDAR investigations were used for the characterisation 
of normal faults. The t-LiDAR data were used to determine the spatial distribution of the 
analysed scarps vertical displacement variation (in general the scanned segment for each fault 
has a length of 200 m). The terrestrial remote sensing technique produce high resolution and 
high accuracy datasets of the natural exposed fault scarp system. This is calculated using 
conventional methods as well as new approaches to objectively quantify the variation of scarp 
height along of few hundred metres of the obvious fault segment scarps. Moreover, we also 
reassess postglacial (regarding to Caputo et al., 2010) slip-rate estimates using a more detailed 
methodology. For scarp height variation measurements and slip-rate estimations, high 
resolution digital elevation models (HRDEMs) were analysed using a geographical information 
system (GIS) for morphological analysis and statistical approaches for quantifying the variation 
of the amount of displacement. Hence this study has the focus of the methodology to quantify 
the issue of fault variability in meso-scale consideration. This workflow allows scarp height 
variability to be evaluated in relation to the environmental conditions (including erosion of the 
footwall and sedimentation on the hanging wall) and thus allows authentic fault scarps to be 
chosen to estimate fault throw rates. 
 
2.2 Study area  
 
Crete lies immediately north of the Hellenic trench and south of the volcanic arc in the external 
Hellenides, and is characterised by a complex geological and tectonic structure (Caputo et al., 
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2010; Papanikolaou & Vassilakis, 2010). Crete has undergone an uplift of around 2.5 km since 
the Early Tortonian (Miocene) in several different phases (Meulenkamp et al., 1994). This uplift 
process was spectacularly manifested with a max. 9 m uplift during the M~8.0 earthquake in 
365AD. (Meulenkamp et al., 1988; Fassoulas, 1999; Stiros, 2001; Scheffers and Scheffers, 
2007; Shaw et al., 2008). This region has been subject to strong shallow palaeoearthquakes 
with magnitudes up to M > 7.5 - 8.0 and is hence one of the most seismically active regions of 
the Aegean (Papazachos, 1996; Papazachos & Papazachou, 1997) and Mediterrane. The 
topography of Crete has many imprints of rapid uplift such as a mountainous landscape with a 
large basin in the centre, hanging valleys, V-shaped canyons, continuous escarpments, and 
evidence of notches above the present sea level (Pirazzoli et al., 1982; Peterek & Schwarze, 
2004). The island has a complex multidirectional tectonic environment with horst and graben 
structures, multipart block tectonics, active faults and anticlines. The area is, therefore, a natural 
laboratory for many investigations of interdisciplinary subjects related to earthquake research. 
A number of papers discuss the change of the tectonic settings over time (Fassoulas, 1999; ten 
Veen & Postma, 1999; Fassoulas, 2001; Papanikolaou & Vassilakis, 2010), the active tectonics 
and morphotectonic pattern (Armijo et al., 1992; Monaco & Tortorici, 2004; Caputo et al., 2010), 
the seismic and seismotectonic pattern (Papazachos, 1973; Delibasis et al., 1999; Kokinou et 
al., 2008), the influence of the plate interaction, subduction zone and geodynamics (Lister et al., 
1984; Meulenkamp et al., 1988; Hinsbergen & Meulenkamp, 2006; Jolivet & Brun, 2010; 
Zachariasse et al., 2008, 2011) and several studies attempt to reconstruct and model the 
palaeo and present day stress fields (ten Veen & Postma, 1999; Cianetti et al., 2001; Ganas & 
Parsons, 2009). 
Crete has a complex pattern of fault zones due to the island’s tectonic evolution. There are two 
major groups of active normal fault strike directions located on the island. The first group are the 
WNW-ESE trending faults with north and south dipping fault plane segments, which are 
principally located in the centre of southern Crete. The second group are the NNE-SSW 
trending normal fault segments. These faults are distributed throughout the island. Our 
investigations were undertaken on active bedrock fault scarps with impressive free-face fault 
planes belonging to these two groups. The long range t-LiDAR studies on the exhumed bedrock 
fault scarps were performed at six specific locations on five different normal fault segments 
where the natural fault scarp clearly exposed (Figs. 2.2 and 2.3). These sites were chosen 
because the vegetation density on the hanging wall, near the fault scarp (fault plane) and 
footwall is low. Hence a high quality of the LiDAR data and for the processed HRDEM, as well 
as the quality for the accuracy of the morphological and statistical analysis is ensured. At these 
sites along the segments, the exposed fault scarp is nicely preserved and suitable for proving 
the methodology to estimate the scarp variation. In addition, some investigated scarps and fault 
planes indicate external influences or they are located close to a drainage system as well as 
some detected fault parts demonstrate less external influences. Therefore, these are favourable 
sites for this research and include a portfolio of the possible external processes and influences 
on the natural exposed fault scarp (Fig. 2.1).  
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Figure 2.2: Simplified overview map and photos position (Fig. 2.3) of the investigated bedrock fault segments 
(the entire segment) based on 20 m cell size DGM (hillshade) showing the localities of the studied sites (dots); 
a) The Kastelli fault including the study sites Kastelli 1 and Kastelli 2; b) The Ierapetra Kavousi fault system 
(IKFS) with the Monastiraki study site in the vicinity of the Ha Gorge; c) The Lastros fault; d) The Asomatos fault 
and the investigation region near the village of Sellia; e) The Spili fault and the scan position by the village Orne. 
The diagrams show the difference in height in metres between the calculated mountain ridge using watershed 
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function in GIS and the mapped (suspected) fault (black line, y1 axis). The basin in m² (grey line, y2 axis) within 
the area of mapped fault and mountain ridge is also shown. 
 
The faults include the east-west trending Asomatos fault and Spili fault, and the north-south 
trending Kastelli fault, the Ierapetra-Kavousi fault and the Lastros fault. All are limestone 
bedrock faults consisting of footwall Mesozoic carbonates which are juxtaposed against hanging 
wall alluvial and colluvial wedges of unconsolidated sediments, cemented breccias and 
conglomerates (Caputo et al., 2006). However, the knowledge on the different investigated fault 
segments about the fault growth, activity and evolution as well as the age of past earthquake 
sequences to produce the natural fault scarps is little and therefore further studies about 
absolute dating is necessary and needed. In this study we are following the assumption of 
Caputo et al. 2010 that this faults were produced in postglacial time (13 ka).   
 
i The Kastelli Fault 
 
At the Kastelli fault two study sites were selected (Kastelli 1 and Kastelli 2) towards the southern 
part of the fault. The fault is 13 km long, trends NNE-SSW and dips to the WNW. The fault is 
located at 650 - 750 m a.s.l. with scarp heights of around 5 - 6 m. The fault extends over the 
western slope of the Lasithi Plateau and dips with maximum 70°-75° towards the WNW. The 
scanned and analysed areas are located at the southern tip of the fault segment (Figs. 2.2a and 
2.3a, b). 
 
ii The Ierapetra-Kavousi Fault System (IKFS; Monastiraki fault) 
 
The Ierapetra-Kavousi fault system (IKFS) is situated in eastern Crete and the study area has 
an impressive fault scarp. The IKFS is considered to be the most significant structure in eastern 
Crete. The mapped onshore length is approximately 20 km and has a NNE-SSW orientation 
and dips around 80° to the WNW. The whole structure consists of three main segments 
(Karotsieris et al., 2000; Gaki-Papanastasiou et al., 2009): i) the northern segment is the 
Kavousi fault, ii) the middle segment is the Monastiraki fault where the long range t-LiDAR 
investigation was performed near the Ha Gorge (Figs. 2.2b and 2.3c), and iii) the southern 
segment is located close to the town of Ierapetra. A northward offshore propagation of the fault 
can not be excluded. Armijo et al. (1992) indicate the presence of an offshore fault with a length 
of at least 10 km, which has the same orientation as the IKFS. This increases the total length of 
the fault system to approximately 30 km. The centre of the IKFS must be the northern Kavousi 
segment (Figs. 2.2b and 2.3c).  
 
iii The Lastros Fault 
 
The Lastros fault consists of different sub-parallel fault segments which are hard-linked to each 
other. To the east is the NNE-SSW striking Sfaka fault which has an antithetic relationship with 
the Lastros fault, and to the west is the IKFS. The Lastros fault extends parallel to the IKFS, but 
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the fault dips towards the east southeast at an angle of around 60° (Fig. 2.3d). The IKFS and 
the Lastros faults form a tectonic horst structure (Kapsas Mountain). The Lastros fault with the 
antithetic Sfaka fault form the boundary of an approximately 2 km wide graben-like structure 
(Mochlos graben). The total length of the Lastros fault, which has an obvious fault scarp with 
expected surface displacement, is about 6 km according to Karotsieris et al. (2000). A clear fault 
scarp up to 7 m in height can be found at the northern segment of the fault where the t-LiDAR 
was performed (Figs. 2.2c and 2.3d). Some authors suggest that the Lastros fault is 11 km long 
and has a maximum vertical displacement of 15 m (Caputo et al., 2006, 2010). Caputo et al. 
(2006) traced a 40 cm light coloured ribbon at the base of the fault scarp, indicative of previous 
earthquake events at the Lastros fault and was interpreted as the last surface rupture with 
displacement. However, no absolute dating has confirmed this observation. 
 
iv The Asomatos Fault 
 
The 9 km long Asomatos fault can be observed at 400 - 600 m a.s.l. and strikes in an 
approximately W-E direction. The fault dips to the south with an angle of around 75°. Caputo et 
al. (2010) states that there is 8 m maximum displacement. The study site for long range t-LiDAR 
is located near the village Sellia (in this paper named Sellia fault) in the central western part of 
the fault segment (Figs. 2.2d and 2.3e). 
 
v The Spili Fault 
 
The Spili fault also belongs to the group of WNW-ESE trending normal faults and dips to the 
south southeast at an angle of around 65°. The fault extends over the southern slope of the 
Kedros ridge (around 1600 m a.s.l.) and has a total length of 16 km (Caputo et al., 2010). The 
Spili fault has a clear exposed fault scarp with a maximum height of 8-10 m (Wiatr et al. 2013). 
V-shaped canyons, steep gullies and wind gaps are also present on the footwall mountain ridge 
in the north (Figs. 2.2e and 2.3f). The study site has a steep gully in the western part of the 
scanned window.  
 
More detailed descriptions of the geological composition of Crete and the study areas, as well 
as information about the neotectonic settings, are provided by Papanikolaou and Vassilakis 
(2010) and Caputo et al. (2006, 2010). 
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Figure 2.3: Photos of the different bedrock fault scarps showing the areas which was scanned with t-LiDAR (in 
general the scanned segment had a length of 200 m) and including the stereo plots using the virtual calculation 
of the fault plane oientation after Wiatr et al. (2013). The triangles indicate the location of the bedrock fault 
scarp. a) Kastelli site 1, b) Kastelli site 2, c) Monastiraki fault near the Ha Gorge, d) Lastros fault and the 
scanned area in the middle of the segment, e) Asomatos fault near the village Sellia, and f) Spili fault near the 
village Orne. 
 
2.3 Methods and t-LiDAR analysis 
 
To evaluate the results of the long range t-LiDAR study it is important to map the fault geometry 
in detail. Therefore, mapping of the fault trace from fieldwork, maps and publications was 
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undertaken, and all information were incorporated into a GIS environment. A 20 m resolution 
digital elevation model (DEM, contour lines from topographic maps), 1:50,000 scale geological 
maps (IGME, 1985), aerial photos and satellite images were used. Using the 20 m resolution 
DEM the watershed analysis was used to define the highest elevation of the footwall mountain 
ridge by using the established (functions in the toolbox of ArcGis ESRI®) workflow in GIS. The 
watershed function includes the flow direction, the flow accumulation, the stream order and the 
flow length. This information (fault trace, DGM and watershed) was then used to define the area 
of interest, which includes the area between the highest points by using obvious mountain ridge 
from the DGM (the combination with a hillshade is also useful), the results of the calculated 
watershed boundary and the mapped fault trace from the geological map (Fig. 2.2).  
By using the mean fault plane orientation from field mapping, t-LiDAR results and literature, 
profiles every 100 m and polygons perpendicular to the fault strike were produced (each 
polygon was 100 m wide and its length was defined as from the mapped fault to the calculated 
footwall watershed). These polygons were used to calculate the elevation difference along each 
mapped fault. By using the zonal statistics tool in GIS, information about the minimum, 
maximum, mean, range, area and standard deviation of the topography and basin area can be 
estimated for each 100 m wide defined polygon (Fig. 2.2 diagrams). This information was used 
to evaluate the fault symmetry. However, the watershed area is useful to interpret the fault 
symmetry in terms of large drainage systems, which could influence a fault segment.  
The focus of this paper is the meso-scale study of bedrock fault scarp variation along fault 
segments using long range t-LiDAR. Major aims of the investigation were to find quantitative 
and qualitative methods for the reconstruction of the scanned surfaces including footwall, fault 
scarp and hanging wall. Furthermore, we aimed to analyse the morphotectonics of active 
bedrock faults with t-LiDAR. In this context, the detailed morphological analysis of fault 
segments is fundamental and can be archieved using a high resolution digital elevation model 
(HRDEM) produced from t-LiDAR datasets. The principle methods used in this characterisation 
include analysing the geometric conditions of the fault, scarp height evaluation using extracted 
cross-sections and polygons perpendicular to the fault plane, meso-scale fault morphology 
analysis and statistical calculations to quantify the variability along the strike of the detected 
segment.  
 
i Data acquisition 
 
For data collection an Optech ILRIS-3D t-LiDAR system was used. The system is based on a 
coherent light beam which is produced by stimulated emission in a defined wavelength of 1500 
nm. The emitted monochromatic light (near infrared) is scattered by the surface of the target 
object and a portion of the backscattered signal is detected by a receiver. The range between 
sensor and object is calculated by timing the two-way-travel time of each laser pulse. The object 
is scanned with a sampling rate of 2500 points per second, based on the time-of-flight 
measurement. Each point has a precision within millimeters for scan positions of less than 100 
m and includes information about x-, y-, z-coordinates (scanner own coordinates), range 
(between t-LiDAR system and object) and backscatter signal (8 Bit grey values). In most cases 
the range between the t-LiDAR and the defined scan window was around several hundred 
metres (100 m - 300 m), and therefore we refer to it as a long range t-LiDAR investigation. The 
large distance allowed the characterisation and detection of a larger area of the fault segment. 
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This is because the t-LiDAR scanner’s field of view is 40° (vertical and horizontal) and covers 
areas of the footwall, fault scarp and hanging wall. During the data acquisition the t-LiDAR 
system is stationary. The documentation of the scanner view direction and view angels (pitch 
and roll angle) are necessary for the data translation. Moreover, the position of the t-LiDAR was 
recorded using GPS for the subsequent georeferencing of scanned objects. Using static t-
LiDAR for data collection an irregular point cloud will be created within the scan window and the 
point to point resolution can be defined. Each fault segment was scanned with several scan 
windows from different angles to minimise scan shadows and to define a wide area of the fault 
segment. The spatial resolution of the data when scanning in the field, ranges from a few 
centimetres up to 20 cm. However, for the data analysis, a regular point spacing of 0.5 m (by 
using the raster interpolation function “topo to raster” in GIS with the cleaned and processed 
point cloud) for each detected fault segment was preferred to ensure coherence for the 
subsequent comparison of results from different fault segments. Advantages of the t-LiDAR 
method include the rapid, accurate and non-destructive data acquisition when creating a 3D 
model of the scanned object. The data provide HRDEM for documentation and morphological 
analysis of the individual fault scarp. Hence, scarp analysis along the strike of the bedrock fault 
segment can be performed by using LiDAR systems and the present environmental conditions 
such as drainage pattern of the footwall and hanging wall can also be documented and 
analysed. 
 
ii Data processing 
 
After the alignment of the associated scan sequences from the individual fault segments, the 
irregularly distributed point cloud was georeferenced, orientated to the north and an angle 
transformation of the scan window was carried out to correct for the pitch and roll of the laser 
scanner during data collection. This allowed the spatial position and the geometric conditions of 
the collected t-LiDAR data to be fixed. Next, the data was semi-automatically and manually 
cleaned of irrelevant elements such as vegetation and artefacts. These processes were carried 
out using the Polyworks (InnovMetric, 2010) software package.  
Figure 2.4 demonstrates the workflow of the data processing and analysis, using as an example 
the Kastelli fault. For the morphotectonic calculation the composite point clouds are converted 
into a raster format with the respective resolution of 0.5 m cell sizes using a raster interpolation 
tool (topo to raster) in geographical information system (GIS, ArcMap ESRI®). A spatially 
regular distribution of the t-LiDAR point data (raster data, Fig. 2.4a) is therefore possible, which 
is important for the analysis and comparison of the extracted profiles and polygons (vector data) 
perpendicular to the fault plane (Fig. 2.4b). Then the morphological analyses (slope, aspect, 
elevation contours, curvature, hillshade, flow direction and accumulation) are carried out in GIS 
on the cleaned HRDEM of the entire scan sequence. The results of the drainage basin and flow 
accumulation of the scanned fault segment (Fig. 2.4c) were used to identify channels that might 
have eroded portions of the fault scarps or hanging wall sediments. These techniques were 
used in combination with the scarp variation along the strike of the statistical analysis (Fig. 2.4k) 
and were used to determine sites that were heavily influenced by external processes (Fig. 2.4i). 
Therefore, the HRDEM (raster data with 0.5 m cell size) and the polygons (vector data, every 1 
m along the strike) are the basic data sets used for the following analysis (Fig. 2.4a, b). These 
allow the fault plane to be defined as well as areas of interest to be determined.  
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In order to characterise the scarp using the HRDEM, the curvature tool in GIS was used to 
define the areas of concave and convex shaped features on the base and top of the bedrock 
fault scarp respectively (Fig. 2.4d). Moreover, the virtually calculated dip angle and dip direction 
from the 0.5 m coherent dataset were used in conjunction with the SplitFX and TectonicsFP to 
delimit areas of the bedrock fault scarp with similar values (Wiatr et al. 2013). To ensure that the 
defined surface rupture zone is of high enough quality to undertake the analysis, profiles 
perpendicular to the strike of the fault plane were used to cross-validate the different results 
(Papanikolaou & Roberts, 2007). These consist of repeated sections every 0.5 m, which 
corresponds to the spatial resolution of all HRDEM, generated from long range t-LiDAR data. As 
a result the normal bedrock fault zone can be defined and mapped with high accuracy. 
Subsequently, the detected t-LiDAR sequence can then be divided into sub-regions of footwall, 
fault scarp and hanging wall. 
From the HRDEM, any number of profiles and polygons can be generated from the scanned 
fault segment to capture the variation of the scarp morphology. In our study we selected profiles 
and created polygons with successive ID numbers along the strike to produce a large number of 
values for the following statistical analysis in order to calculate the fault scarp height variation 
from the extracted values. Each polygon (1 m wide and 100 m length) was created 
perpendicular to the calculated average dip direction of the fault plane along the whole length of 
each studied fault segment; the middle point (50 m from each end) of the polygon is at the base 
of the free face (Fig. 2.4b). With the polygons (100 m length) and the predefined sub-regions 
(footwall, fault scarp, hanging wall) morphological values such as slope, height or curvature 
were calculated and extracted for statistical analysis (hundreds of cross sections are extracted 
from the HRDEM, which correspond with the polygons). Such a long profile analysis is required 
in order to tightly constrain the slopes above and below the fault scarp because small errors in 
these can lead to large errors in the calculated throw (Hanks and Schwartz, 1987; Avouac, 
1993).  In this study the polygons were used to extract the height and the dip information of 
every cell along and across the defined fault scarp within each polygon so as to reconstruct the 
fault scarp height and dip variation and to check evidences of possible correlation from both 
results. This workflow was used to calculate the variation in dip and vertical displacement of the 
scarp every metre along the scanned fault (Fig. 2.4e, f). Results were extracted by using zonal 
statistics in GIS which displays the corresponding ID of each polygon, the count, the area, the 
minimum value, the maximum value, the range, the mean value, the standard deviation and the 
sum. The relevant values in this study are the range of the scarp height and the dip. These 
values were exported and plotted as profiles (Figs. 2.4g, h and Fig. 2.5). 
 
iii Data analysis 
 
In the next step we statistically classify several variables (testing the distribution of the values; 
calculation of the standard deviation, semi-variance, correlation coefficient and regression 
analysis) using extracted profiles of vertical displacement and dip along the strike of the fault 
(Fig. 2.4g, h). Therefore, we tested the calculated values of each studied fault segment’s vertical 
displacement distribution behaviour, and this indicated that the values display a normal 
distribution along strike. The normal distribution of the calculated vertical displacement results 
was tested using statistical methods such as qq-plot and histogram distribution (e.g. Fig. 2.5 
histograms). This normal distribution of the vertical displacement permits us to extract the mean 
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value within one standard deviation of the mean for all displacement results along each studied 
fault segment. This range of vertical displacement was chosen in order to split the displacement 
results into three groups: above, within, and below one standard deviation of the mean.  
Variogram analysis was then used to evaluate the entire studied fault scarp in terms of how 
vertical displacement and maximum dip varied along strike. This is a useful method for 
quantifying the parameter value variation along each profile, for identifying any spatial 
correlation of features (vertical displacement and maximum dip along strike). Following this 
process results from different profiles can be compared to estimate the variation differences. 
With this method the two variables from the same parameter and profile are plotted in a 
variogram, where lag distance (the distance between the values of the variables; e.g. the height 
distribution along strike and in this study values for every 1 m represent the minimum lag 
distance) is plotted against semi-variance (dimension of two random variables to reconstruct the 
spatial context of them; it is a dimension for the disparity of the values) (Fig. 2.4i). The basic 
assumption of this method is that close spatial pair variables along a profile (two values with a 
small lag spacing) are more similar than the variables that are further away from each other (two 
values with a larger lag spacing). With increasing lag spacing, a point will be reached where 
there is no more correlation between the values or with increasing distance the semi-variance is 
also increasing (known as the range; y axis in Fig. 2.4i). This point is also used to define the 
semi variance of the studied parameter (known as the sill; x axis Fig. 2.4i). In this study for each 
scanned fault segment we firstly compared values of vertical displacement. Then we compared 
the values of dip angle. For both of our studied parameters we extract a value every 1 m along 
strike, and, therefore this distance represents, the minimum lag distance used in the variogram 
analyses.  
Interpreting the variogram, if the sill value is high, the parameter variability is high; if the sill 
value is low, the parameter variability is low. This means that the average variance of observed 
values is increasing with increasing spatial distance between the pair values (McBratney & 
Webster, 1986). For all variogram analyses of vertical displacement and dip we used the 
geostatistical analyst tool in GIS and chose the ordinary kriging with a stable model type without 
direction influence (isotropic, omnidirectional variogram). A maximum of 100 lags was used 
covering over half of the studied segment (Fig. 2.6). As our data set had a pseudo-regular grid 
with 1 m distance (defined by the polygon spacing) we were able to choose the minimum lag 
spacing of 1 m (Isaaks & Srivastava, 1989).  
Using this method, it is possible to analyse the vertical displacement data in terms of external 
influences which can manipulate the scarp height values such as erosion and sedimentation. If 
the variability of the vertical displacement along the extracted profile (around 250 m) is high, the 
scarp is more influenced by external processes compared to where the variability is relatively 
low. 
In addition we calculated the linear regression between the vertical displacement and the dip 
(displacement-dip-ratio) of each studied scarp to estimate the correlation coefficient (R²) above, 
within and below the standard deviation of the mean value; the correlation coefficient (R²) for all 
values along the entire scanned scarp was also calculated (Fig. 2.4j and Fig. 2.7). These were 
used to evaluate the relationship between the scarp heights and dips of the scanned fault 
segment. Moreover, the results can be used to identify the number of values  (account of the dip 
and height along the fault scarp) inside the different subdivisions (above, within and below the 
standard deviation). The subdivision was implemented in GIS (Fig. 2.4k), and thus a spatial 
distribution of the subdivisions along strike was determined. This was then combined with the 
Bedrock scarp variation on normal faults in Crete using long range t-LiDAR: Methodological aspects and implications for 
long term slip-rate determination 
 51 
morphological results such as drainage basin using the HRDEM (Fig. 2.4l). This allows the 
location along strike where external influences (e.g. catchments) are negligible to be determined 
and used in further analyses. These locations, therefore, have fault scarps with an authentic 
vertical displacement (fault scarp exposed from earthquakes only) and are defined spatially 
along strike. Consequently, only the defined areas with authentic fault scarps were used to 
calculate the long term throw-rate since 13 ka (based on Caputo et al. 2010) (Fig. 2.4m and Fig. 
2.8).  
By following this workflow, which includes: i) the subdivision (above, within and below the 
standard deviation of the mean value) of the studied fault scarp (based on the proof of normal 
distribution), ii) the calculation of the vertical displacement and dip variability (variogram 
method) along the strike of the fault, iii) the vertical displacement-dip-ratio (regression analysis) 
along the fault scarp, iv) the implementation of these results in GIS (determine the spatial 
distribution) and v) the morphological analysis (spatial analysis), we are able to define 
acceptable areas along strike for further analysis. As a result, only a little number of sites along 
the studied fault segment have low external influences (authentic fault scarps) and these areas 
can be used for the estimation of fault activity. In these areas the standard deviation was used 
to calculate the variation from the mean vertical displacement and thus is integral when 
evaluating the range of long term throw-rates. 
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Figure 2.4: GIS workflow for the scarp analysis using Kastelli 1 as an example (see Fig 2.2a-2.3a): a) 
morphology; b) the sample areas for the morphotectonic calculations every 1 m along the strike of the fault 
segment; c) calculated drainage pattern of the scanned bedrock fault segment (each colour represents a 
different drainage sub-basin); d) the curvature result for scarp detection; e) dip distribution for every cell along 
the strike of the segment and along the height of the defined scarp; f) the vertical displacement; g) profile of the 
vertical displacement along the detected fault segment (the vertical displacement are extracted from hundreds 
of cross sections; compare Pananikolaou et al., 2005); h) profile of the fault’s dip along the scanned fault 
segment; i) variogram analysis to estimate the variation of profile g and h; j) linear regression between vertical 
displacement and dip of the detected fault segment (the subdivision is above (yellow), within (green) and below 
(red) one standard deviation from the mean); k) segmentation of the vertical displacement along the strike of the 
fault using GIS; l) comparing the authentic fault scarp with the drainage pattern to exclude area with high 
external influences; m) long term slip rate calculation (since 13 ka based on Caputo et al. 2010 assumption) 
using the parts of the scarp which are less influenced (authentic fault scarp). 
 
2.4 Results of the individual scanned active bedrock fault segments 
 
i The Kastelli Fault 
 
At the Kastelli fault a 235 m long (Kastelli 1) and a 148 m long (Kastelli 2) scarp segment were 
scanned with respective topographic ranges of 708 - 750 m a.s.l (Kastelli 1) and 661 - 669 m 
a.s.l. (Kastelli 2). The calculated range between the footwall watershed boundary above the 
fault and the fault trace indicates a symmetric fault segment development, with the highest 
range of values in the middle of the southern part of the segment. The study area Kastelli 2 is 
located in the southern part of the entire fault and the study area Kastelli 1 is situated around 
2.3 km north of Kastelli 2 (Fig. 2.2a). The virtual calculated dip direction of these detected fault 
segments are 295° for Kastelli 1 and 321° for Kastelli 2. The results of the mean vertical scarp 
displacement have a range of 4.7 ± 1 m at Kastelli 1 and 4.1 ± 0.4 m at Kastelli 2. Both height 
distributions indicate a normal distribution along the fault strike (Fig. 2.5a, b histogram). The 
maximum and minimum values of height at Kastelli 1 are 10.4 m and 1.3 m (range 9.1 m), and 
at Kastelli 2 they are 5.6 m and 2.3 m (range 3.3 m). Nevertheless, the mean height values 
indicate that the vertical displacement is increasing from Kastelli 2 to Kastelli 1 and this 
corresponds to the hypothesis that the cumulative fault displacement is largest at the centre of a 
fault segment (Papanikolaou & Roberts, 2007). In other words, the maximum displacement of 
the Kastelli fault is expected north of the long range t-LiDAR investigation sites and this implies 
the estimated postglacial throw rate is a minimum assumption (see Fig. 2.2a). The calculated 
mean dip along the segments are 46° ± 2° at Kastelli 1 and 44° ± 1° at Kastelli 2 (Fig. 2.5a-b). 
The results of the vertical displacement variation along the detected fault show a sill of 3.22 m at 
Kastelli 1 and 0.45 m at Kastelli 2 (Fig. 2.6a). Thus, the variation of vertical displacement is less 
at Kastelli 2 than at Kastelli 1. This is a consequence of the drainage pattern at Kastelli 1, 
because there are five gullies along strike which have influenced the authentic fault scarp height 
(see Fig. 2.3a-4). However, when comparing these results to the other four analysed faults 
using the variogram method, the studied Kastelli fault segments have the lowest vertical 
displacement variation (Fig. 2.6a). The studied segments of the Kastelli fault are, therefore, 
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interpreted as having homogeneous vertical displacement distributions along strike. Moreover, 
the dip variation of the Kastelli fault shows an along strike sill of 19.60° at Kastelli 1 and 11.65° 
at Kastelli 2 (Fig. 2.6b).  
The correlation coefficient using linear regression between the vertical displacement and the dip 
of the fault (vertical displacement-dip-ratio) was then calculated using every metre along the 
studied fault segment. For the 235 values of Kastelli 1 the correlation coefficient is R² = 0.49, 
and for the 148 values at Kastelli 2 the correlation coefficient is R² = 0.04. However, in this study 
the main focus is on the mean values within one standard deviation of the mean based on the 
segmentation of the fault scarp height. Accordingly, the correlation of the mean values is R² = 
0.002 at Kastelli 1 (with 111 values), and R² = 0.03 at Kastelli 2 (with 60 values) (Fig. 2.7a, b) 
and this implies that the dip of the fault does not correlate with the displacement. Hence, 47% at 
Kastelli 1 and 41% at Kastelli 2 represent the authentic fault scarp exposure within the detected 
study site. Moreover, at Kastelli 1 23% of the values are above one standard deviation from the 
mean with R² = 0.48 (53 values) and 30% are below with R² = 0.59 (71 values); at Kastelli 2, 
34% are above one standard deviation from the mean with R² = 0.06 (51 values) and 25% are 
below with R² = 0.22 (37 values) (Fig. 2.7a, b).  
By excluding the strongly influenced areas (by erosion/sedimentation processes) of the scarp, 
the mean vertical displacement is 4.67 m ± 0.27 m at Kastelli 1 and 4.13 m ± 0.12 m at Kastelli 
2. Therefore, the variation of the authentic fault scarp (variation in displacement) is 11.77% at 
Kastelli 1 and 5.81% at Kastelli 2. By following the workflow, 50 m of the entire 235 m long 
scanned fault scarp (around 20%) at Kastelli 1 and 48 m of the 148 m long scanned fault scarp 
(around 33%) at the Kastelli 2 are adequate for the long term throw-rate calculations. Using a 
first exhumation date of 13 ka, Kastelli 1 has a slip rate of 0.35 ± 0.04 mm/yr and Kastelli 2 has 
a slip rate of 0.31 ± 0.01 mm/yr (Fig. 2.8a, b, green coloured areas). 
 
ii The Ierapetra-Kavousi Fault 
 
At the IKFS a 260 m long fault scarp by the Monastiraki site was scanned; it has an elevation of 
360 - 410 m a.s.l. and a dip direction of 306° was virtually calculated by following the workflow 
of Wiatr et al. (2013). Here, the highest range between the footwall watershed and the fault 
trace is observed and calculated northern of the study area and is in agreement with Armijo et 
al. (1992). The scanned section of the fault is different from the other analysed fault scarps; it is 
difficult to define the scarp in this area, because the footwall is steep and has more or less the 
same slope angle range as the fault scarp (Fig. 2.3c). However, by using the slope, profiles 
perpendicular to the strike of the fault and the curvature tools in GIS the definitive fault scarp 
can be determined. The mean calculated vertical displacement at this site is 11.3 m ± 3 m; a 
maximum of 19.8 m is calculated close to the Ha Gorge and minimum of 2.4 m is calculated 
further to the south (range 17.4 m). By considering the vertical displacement along strike it can 
be observed that the highest calculated displacements are near the gorge and the values are 
decreasing with increasing distance from the gorge. Therefore, the assumption that the scarp is 
disturbed by external processes close to the gorge is verified. However, this decreasing 
displacement is not linear and a bimodal distribution is observed. The morphological analysis 
based on the HRDEM indicates a colluvial wedge (or a fan) in the south and this reduces the 
calculated vertical displacement. The mean dip of the scanned fault scarp at this investigation 
site is 63° ± 3° (Fig. 2.5c).  
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At the Monastirakis site the calculated sill is 22.22 m for vertical displacement and 33.22° for the 
dip of the scarp (Fig. 2.6). This high variability could be explained by the influence of the Ha 
Gorge close to the study site’s northern part and the influence of the colluvial wedge in the 
southern part. Compared to the other faults, the variability of the vertical displacement is much 
higher, and therefore we have not calculated the long term throw-rate at this site due to the lack 
of reliable sites for extracting data. This is because external influences such as erosion and 
sedimentation have caused the high vertical displacement variability over the entire studied 
scarp introducing high uncertainties to our estimates. Moreover, to the north of the studied fault 
segment (the Monastirakis segment of the IKFZ), the fault scarp is covered by colluvial 
sediments and the vertical displacement is not visible (see Fig. 2.3c). This huge difference in 
scarp visibility in just a few hundred metres allows us to conclude that the studied area was 
most likely also covered by sediments and has been subsequently exposed due to erosion. 
The linear regression of the entire 260 values has a R² = 0.68 and the segmentation show that 
36% (94 values with R² = 0.31) are above and 32% (84 values with R² = 0.47) are below the 
mean vertical displacement. The calculation of the correlation coefficient of the detected fault 
scarp segment show that 32% (82 values) with R² = 0.31 represent the authentic fault scarp 
(Fig. 2.7c). 
 
iii The Lastros Fault 
 
At the Lastros fault a 228 m long fault scarp was analysed. The scarp’s topography ranges 
between 480 - 505 m a.s.l., it has a calculated dip direction of 106° (Fig. 2.5d) and a mean dip 
angle of 57° ± 3°. A mean scarp height of 7.2 m ± 1.3 m, a maximum height of 12.9 m and a 
minimum height of 1 m (range 11.9 m) were calculated. The vertical displacement and the dip 
are increasing in the northern and southern tip of the scanned segment where gullies and 
catchments are located. In these northern and southern areas the drainage system has had a 
strong influence on hanging wall erosion. As a consequence the scarp height and dip increase, 
especially in the southern area. 
The variogram analysis indicates a sill of 7.87 m for the vertical displacement variation and 
31.86° for the dip of the fault (Fig. 2.6). This value of displacement variation is close to the 
variation value of the Kastelli 1 segment and indicates that some areas of the studied segment 
are characterised by low external influences. Therefore, these areas can be used, in 
combination with the morphological analysis, for the long term throw-rate calculation.  
The linear regression between the dip and the vertical displacement of the entire studied scarp 
is R² = 0.5. However, 49% (113 values) of all calculated displacement values (228) are within 
one standard deviation from the mean and show a correlation of R² = 0.009. In addition, 26% of 
the values (61) are above the standard deviation from the mean with R² = 0.07 and, 24% are 
below with a correlation of R² = 0.46 (54 values) (Fig. 2.7d).  
By excluding the externally influenced areas (which modified the scarp) such as those near 
catchments, the mean vertical displacement is 7.26 m ± 0.35 m and the displacement variation 
of the authentic fault scarp is 9.64%. In combination with the segmentation and the 
morphological analysis, 85 m (around 37%) of the entire 228 m scanned fault scarp were used 
for the long term throw-rate calculations. Using a first exhumation date of 13 ka, the Lastros 
fault has a long term throw-rate of 0.55 ± 0.05 mm/yr (Fig. 2.8c, green coloured areas). 
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iv The Asomatos Fault 
 
At the Asomatos fault near the village of Sellia a 147 m long fault scarp was scanned and 
analysed. The calculated range between the mapped fault and the mountain ridge watershed 
has values of around 500 m in the middle of the fault trace and around 100 m at the tips of the 
fault. This suggests a symmetrical fault segment. However, the footwall displays steep valleys 
with relatively large basins and because of that the range varies along the strike of the fault 
segment. The elevation of this scanned fault ranges from 640 - 665 m a.s.l. and the calculated 
mean dip direction is 319°. The mean vertical displacement is 11.4 m ± 1.6 m; a maximum and 
minimum displacement of 19 m and 4 m were calculated respectively, giving a range of 15 m 
(Fig. 2.5e). The vertical displacement significantly increases in the eastern part of the scanned 
fault. The mean dip angle of the studied segment is 59° ± 2°. Using the variogram method to 
calculate the dip angle variation, a sill of 26.59° is estimated. Moreover, the vertical 
displacement variation analysis implies a sill of 8.93 m (Fig. 2.6). There were less erosional 
phenomena visible on the footwall and no clear drainage a system has been observed during 
the fieldwork, but the scarp is strongly eroded containing brittle fragments (especially collapsed 
fault breccia from the fault plane) of the bedrock. However, through morphological analysis 
using the HRDEM, the areas of scarp affected by external influences can be identified. The fault 
plane consists of both polished and breccia areas throughout the studied segment. This 
difference is also noticeable in the distribution of dip as well as in the semi-variance of the dip 
using the variogram method. By combining morphological and dip observations, some areas 
along strike can be identified and used for the long term throw-rate calculation. 
The linear regression between the dip and the vertical displacement for the entire scanned 
study area has a scarp a correlation coefficient R² = 0.53 (147 values). 45% (66 values) were 
recognised within one standard deviation from the mean and these have a correlation 
coefficient R² = 0.05; 25% (38 values) are above having a R² = 0.34, and 30% (including 43 
values) are below having a R² = 0.7 (Fig. 2.7e). By excluding the externally influenced areas 
along strike, the mean vertical displacement is 11.1 m ± 0.42 m and the variation of the 
authentic fault scarp is 7.65%. Therefore, 26 m (18%) of the scanned scarp were used for the 
long term throw-rate calculation. This provided a long term throw-rate of 0.85 ± 0.06 mm/yr 
using 13 ka as a first exhumation date (Fig. 2.8d, green coloured areas).  
 
v The Spili Fault 
 
At the Spili fault near the village Orne a 195 m long fault scarp segment was scanned and 
analysed. The scarp displays a mean dip direction of 171° at an elevation between 595 - 612 m 
a.s.l. (Fig. 2.5f). A mean scarp height of 12 m ± 2.7 m has been calculated along the scanned 
segment with a maximum height of 20 m and minimum height of 2.8 m (range 17.2 m). A mean 
dip of 38° ± 2° was measured and a semi-variance (sill) was calculated at 18.23°. The 
distribution behaviour of the vertical displacement using the variogram method shows a sill of 
26.12 m (Fig. 2.6). In total 195 values were compared at this studied segment and the 
correlation coefficient between the displacement and dip using all data (195 values) is R² = 
0.24. 35% (69 values) are within one standard deviation of the mean and represent the 
authentic fault scarp with R² = 0.059; 33% (65 values) are above one standard deviation with R² 
= 0 and 32% (61 values) are below one standard deviation with R² = 0.096. (Fig. 2.7f). 
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The Spili fault has a vertical displacement of 12 m ± 2.7 m near the village Orne, and therefore 
exhibits the highest vertical displacement of all the investigated fault scarps. However, the 
variation of vertical displacement using the variogram method produces the highest values with 
26.12 m (compared to Kastelli 1 with 3.22 m, Kastelli 2 with 0.45 m, Lastros with 7.87 m and 
Sellia with 8.93 m), which indicates an obvious influence from external processes. This 
calculated mean scarp height does not represent the authentic fault scarp, because there is a 
steeply cut gully close to this study site which has influenced the height distribution along 
scanned segment (Fig. 2.3f). The highest values of vertical displacement are close to the gully 
and low dip values are also detected in this area. Erosion of the hanging wall sediments has 
produced high scarp heights and erosion of the scarp itself has produced low dip values (the 
mean value is 38° ± 2°). All these results were arguments for not calculating the long term 
throw-rate at this scanned site of the Spili fault.  
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Figure 2.5: Results of the individual fault segments based on long range t-LiDAR investigations displaying the 
variation of vertical displacement (in metres) and dip (in degrees) along the strike of the fault. The first diagrams 
for each fault show the topographic height above sea level along strike (within the scan window) as well as the 
dip direction and the dip of the fault plane. The second diagram shows the subdivision in an upper (yellow), 
middle (green) and lower (red) part based on values within one standard deviation from the mean. The 
histograms show the vertical displacement’s normal distribution along the scanned fault segment. The third 
diagram shows the variation in dip angle along the scarp. 
 
 
Figure 2.6: Variogram of all values along strike of the scanned fault (sample size 1 m) showing the variation in 
vertical displacement and dip using the profiles of figure 2.5 (compare with Fig. 2.4g, h). The lag distance is 
plotted on the x-axes and the semi-variance on the y-axes. High semi-variance values of the calculated 
displacement and dip describe a high variation in the scanned profiles (Fig. 2.5). 
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Figure 2.7: Linear regression between vertical displacement and dip of the bedrock fault scarp (every 1 m in the 
scanned areas, see Fig. 2.4) including the subdivision into the upper, middle and lower parts (see Fig. 2.5) and 
corresponding percentages. 
 
Figure 2.8: The long-term slip rate (since 13 ka based on Caputo et al. 2010) in mm/yr is calculated in defined 
areas where the authentic bedrock fault scarp is preserved (green coloured). The comparison of morphological 
and statistical analyses was used to identify the authentic fault scarp where external influences have not 
affected the vertical displacement. 
 
2.5 Discussion 
 
When analysing scarp height variation, we interpret the mean values as within one standard 
deviation from the mean and this represents the range of the authentic fault scarp vertical 
displacement. If we accept this assumption, other processes must have modified the scarp 
height to produce the values above and below this mean range. If repeated strong shallow 
earthquakes have occurred on individual faults since the last glacial maximum (for our 
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calculation we used 13 ka based on Caputo et. al., 2010 assumption), the displacement should 
be approximately the same range over a length of 150 m to 250 m (scanned fault scarp). This is 
also indicated by analogue models which are not influenced by external processes (Mansfield & 
Cartwright, 2001; Noorsalehi-Garakani et al., 2013). However, some of the along strike vertical 
displacement profiles of the studied faults show a high variability within the 150 m - 250 m 
scanned segments and this we interpreted as a high influence of external processes. To 
quantify this variability along the strike, we used a new workflow comprising morphological and 
statistical analysis on a HRDEM acquired from terrestrial remote sensing (t-LiDAR). This 
workflow allows us to quantify the along strike fault throw variability and to identify areas where 
the fault scarp height is authentic, i.e. where external influences (erosion and sedimentation) 
have not (less) affected the fault scarp height. This authentic scarp identification is important for 
the estimation of fault activity when using the scarp height as an indicator for the postglacial slip 
rate (if the temporal information known). The method described and shows the variability of the 
natural exposed fault scarp height along an obvious segment based on high accuracy dataset 
and a high number of values. Furthermore, by using LiDAR data, the accuracy of the resolution 
is very high and the spatial data are useful to produce high precise results of 
tectonomorphological analysis. The latter implies that a detail analysis is required to better 
constrain the slip-rates and decrease the errors involved. By using the entire scarp height 
variability along a segment, the range of the estimated displacements could include also areas 
with external influences. In fact of this, the variability of the authentic scarp height should be 
investigated and only this height should be included in the estimation of the long-term slip-rate. 
Hence, the over- or under-estimation of fault activity can be minimised, which is very important 
for seismic hazard assessments. 
Moreover, the application of our workflow can support absolute dating techniques on bedrock 
fault scarps such as cosmogenic nuclide dating. Selecting the most appropriate sampling site 
with the use of LiDAR and GRP (Bubeck et al. 2015) is of paramount importance in absolute 
dating as individual earthquake events are preserved in the free faces of fault scarps. 
Therefore, large free faces are required for sample collection at the location with minimal 
influence from external processes (e.g. erosion of the alluvial-colluvial sediments of the hanging 
wall). Otherwise the results of this method could be misinterpreted and lead to misleading 
evaluations, because part of the free face would have been exposed by erosion of hanging wall 
sediments rather than past earthquake events. This creates the possibility of overprinting the 
dating results. In other words, with temporal spacing on the fault scarp, the system undergoes a 
spatial modification by external processes; hence, the data from our workflow can be used to 
identify the authentic fault scarp and exclude areas which would produce misleading dating 
results. However, the workflow helps for the prospection of potentially qualitative good areas for 
sampling, but the condition of the fault plane has to be evaluated. Pananikolaou et al. (2005) 
found a variation of the analysed fault scarp height in the range of ±20% by constructing 
detailed topographic profiles along the fault segment which were perpendicular to the fault plane 
and away from catchments. In our case the variation of the five analysed scarps within the 
defined areas of interest which includes areas such as small gullies and catchments goes up to 
a maximum of 36% for above and 32% for below one standard deviation from the mean (Fig. 
2.7). In other words, more than half of the calculated values (around ±30%) are above and 
below the mean range. This implies that there are a large number of values which, if used for 
long term throw-rate estimation, could cause an under- or over-estimation of postglacial fault 
activity. Therefore, the environmental influences on each scarp have to be considered to 
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validate the largest and smallest values of vertical displacement. This could be achieved by 
undertaking morphological, sedimentological, statistical and dating studies of the footwall and 
hanging wall blocks. The mass balance (evaluation of the activity of the external processes 
during the exhumation of the natural exposed fault scarp) for each fault could then be estimated 
and the external processes which affect each fault could be better defined. 
However, the results of the conventional method (Pananikolaou et al., 2005) and with t-LiDAR 
(this study) demonstrate the difficulty in determining and identifying the authentic postglacial 
vertical displacements along strike. Therefore, by using a combination of morphological and 
statistical approaches, a subdivison of the scarp is possible and strongly influenced areas along 
the fault trace such as those close to catchments can be excluded (based on the normal 
distribution of the calculated vertical displacement along fault strike). This allows us to recognise 
the parts of the fault where there has been less influence for subsequent long term activity 
estimations. When the externally influenced areas for all of the five scanned fault segments are 
excluded, the authentic scarp vertical displacement variation has a range less than ±6%. This is 
the first time that this variation has been estimated in detail from several faults. As a result, post-
glacial throw variation along strike is evident, even over short distances, including locations that 
are apparently undisturbed by incision or deposition processes. This is the natural variation 
associated with coseismic surface slip, therefore these fluctuations are not measurement errors, 
but do add to the uncertainties (Papanikolaou et al. 2005). A fairly irregular surface slip 
distribution has been documented in several earthquakes (e.g. Wesnousky 2008) including 
several normal faulting events such as the 1980 Irpinia (Pantosti and Valensise, 1990), 1981 
Corinth (Jackson et al., 1982), 1983 Borah Peak, (Crone and Machette, 1984). In addition, 
Wilkinson et al. (2015) recorded higher throw rates where a prominent bend in between two 
segments has formed to link across a former relay-zone. The principal strain-rate, calculated by 
combining strike, dip, slip-direction and the post glacial throw rate, decreases linearly from the 
fault centre towards the tip, but the strain-rate does not increase across the prominent fault 
bend. The above according to Wilkinson et al. (2015) shows that changes in fault strike, whilst 
having no effect on the principal horizontal strain-rate, can produce local maxima in throw-rates 
during single earthquakes that persist over the timescale of multiple earthquakes since the last 
glaciation. 
 
A high variation concerns the results of the Spili fault by the Orne site with a sill of 26.12 m and 
the IKFS by the Monastiraki site with a sill of 22.22 m. Both sites show a high variability in 
bedrock scarp height. The variation can also be estimated from the linear regressions analysis 
using the distribution of values in the different subdivisions (above, inside, below the mean 
range). The range of values within one standard deviation of the mean is 32% at the 
Monastiraki and 49% at the Lastros segment. This implies a higher variation at the Monastiraki 
fault compared to the Lastros fault, because 68% of the values are outside of the mean values 
(Fig. 2.7). Moreover, in all cases the correlation coefficients between the vertical displacement 
and dip of the fault are relatively low (R² = 0.04 at Kastelli 2 and R² = 0.31 at Monastiraki). 
Therefore, the result of the linear regression displays less or no correlations between the 
vertical displacement of a fault and the dip of the fault. 
Some cases indicate a significant increase in vertical displacement with increasing fault dip. 
This is in disagreement with the model of scarp degradation, because with increasing scarp 
height the mean dip of the fault should be decreasing due to less degradation. Therefore, the 
linear regression at the top of the bedrock fault scarp should be showing a strongly negative 
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relationship, because with increasing fault scarp height the mean dip of the fault should be 
decreasing. This is most notable at the Lastros fault segment close to the catchment area in 
south, at the Monastiraki fault close to the Ha gorge in the north and by the Orne fault segment 
near by the gully in the west. This can be explained by the influence of the drainage pattern 
(compare Fig. 2.3c, 2.5c, 2.3d, 2.5d, 2.3f, 2.5f), because with increasing scarp height the dip 
also increases and this occurs due to hanging wall erosion (Fig. 2.1b, c, g, h).  
 
The morphological conditions, such as the drainage pattern and the material properties of the 
footwall and hanging wall must be investigated further to explain the spatial variation in scarp 
height distribution. Furthermore, if the footwall and hanging wall processes are understood, the 
most appropriate areas can be chosen to apply our t-LiDAR based long-term throw-rate 
determination technique. Many faults have kilometres of exposed scarps, and therefore study 
site selection is of paramount importance; as we have seen with both the Monastirakis segment 
of the IKFZ and the Spili fault, slip rate determination is not always possible. Once our throw-
rate determination technique is applied in the appropriate locations, absolute dating techniques 
such as cosmogenic nuclide dating or trenching as well as geophysical research can also be 
carried out. Moreover, the composition, structure and age of hanging wall sediments, and 
sediments which have accumulated on the footwall (for comparison), provide further insight 
regarding the slip history of the individual fault. Further investigations will compare the results of 
footwall and hanging investigations with the scarp height distribution behaviour; the evaluation 
of erosion and/or accumulation along the scarp will be identified (Tucker et al., 2011) and 
compared to the morphological analyses. Only when combining all of the above mentioned 
techniques can the post-glacial fault history be confidently determined.  
 
2.6 Conclusions 
 
We have developed a robust methodology using long range t-LiDAR data to measure fault 
scarp height and to quantify the variation of vertical displacement and dip angle. This 
methodology can be used to verify, validate and evaluate the scarp’s morphology and how this 
changes along strike of the scanned fault segment. We have shown that the studied active 
bedrock fault scarps are heterogeneous and that it is difficult to identify where the fault 
displacement is authentic, i.e. where external influences (erosion and sedimentation) have not 
affected the fault scarp height. However, our workflow allows us to quantitatively identify these 
areas. Firstly, the visible free face is evaluated. This is because with methods such as 
cosmogenic nuclide dating, which determine the fault slip history from exposure after individual 
earthquake events, the free face is used to collect the samples. In terms of the time dependant 
factor for fault scarp degradation, we use the convex and concave features near the fault plane 
as well as the dip distribution to identify the fault scarp exposed by repeated ruptures and cross-
validate the results with the scarp height profiles. This allows the cumulative scarp along the 
strike of the fault to be identified. Secondly, the vertical displacement and the dip of the fault 
scarp were calculated based on morphological results using the HRDEM. Thirdly, the variogram 
method is used to calculate the variation in vertical displacement and the dip of the scarp along 
the fault strike within the scanned fault segment (generally 200 m in length). These data are 
used to determine the influence of the external processes along the studied fault scarp. Hence, 
it is important to know the variation and the distribution along strike to quantify areas which are 
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less influenced by external processes like erosion and sedimentation. Fourthly, based on the 
vertical displacement and dip ratio, the variogram method and the environmental analysis, the 
studied fault scarp was subdivided into highly influenced and less influenced areas. Lastly, the 
variation and long-term throw-rates are calculated only in the less influenced areas to minimise 
inaccuracies which can significantly affect the fault activity evaluation and the extraction of slip-
rates. 
The analysis of the complex and dynamic neotectonic footprint of shallow earthquakes (in this 
study the bedrock fault scarps) shows that terrestrial remote sensing investigation can be used 
to quantify the present environmental conditions and allow the throw-rate of the studied fault 
segment to be calculated. Every bedrock fault scarp should be investigated along strike to 
ensure reliable areas are chosen for morphotectonic analysis and subsequent throw-rate 
determination; reliable areas for throw-rate determination are also reliable areas for absolute 
dating.  
 
The main results of this study on active bedrock fault scarps in Crete using long range t-LiDAR 
(~200 m long scan windows along strike) are summarised below: 
 
i) the calculated vertical displacements of the different fault segments exhibit a significant 
normal distribution along the detected fault strike (around 200 m in length) 
 
ii) there is no correlation between mean vertical displacement and dip of the fault (R² less than 
0.31)  
 
iii) without extracting portions of the scarp that are severely influenced by external processes 
the vertical displacement of the fault along the strike shows a variability with a threshold of 
±35% 
 
iv) it is necessary to exclude sites that have been severely influenced by external processes in 
order to calculate the activity of a fault by using the authentic fault scarp 
 
v) when parts of the scarp that have been considerably influenced by the external processes 
have been excluded from our calculations, the variation of the vertical displacement of the 
authentic fault scarp (exposed by earthquakes only) is less then ±6%  
 
vi) calculation of the long term throw rate (since 13ka) by using the authentic vertical 
displacement are: Kastelli fault = 0.35 ± 0.04 mm/yr (Kastelli 1), 0.31 ± 0.01 mm/yr (Kastelli 2); 
Asomatos fault = 0.85 ± 0.06 mm/yr (Sellia); Lastros fault = 0.55 ± 0.05 mm/yr 
 
vii) by the calculation of the long term throw-rate in a defined time period (e.g. postglacial time), 
the range of the vertical displacement variations of the authentically fault scarp have also to be 
considered and should be investigated further on the entire fault segment 
 
These throw-rates have been calculated following a detailed and robust methodology, based on 
hundreds of cross sections and are considered more precise. Therefore, we emphasise the 
need for detailed scarp analysis for estimating the rates of fault slip over the timescale of scarp 
formation. 
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The paper presents a terrestrial remote sensing description for reconstruction of fault scarp 
height variation. Our investigation is focused on the active normal bedrock fault systems on 
Crete. We applied t-LiDAR on limestone fault scarps with clear free faces that have experienced 
large surface faulting events in the past. This is done in order to analyse the distribution of the 
active bedrock fault scarp’s height with quantitatively and objective statistical methods at meso-
scale dimensions (several hundred metres along strike). 
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3 Slip vector analysis with high resolution t-LiDAR 
scanning 
 
Abstract 
 
A palaeostress analysis of an active bedrock normal fault scarp based on kinematic indicators is 
reconstructed using terrestrial laser scanning (TLS). For this purpose, three key elements are 
necessary for a defined region: (i) the orientation of the fault plane, (ii) the orientation of the 
slickenside lineation or other kinematic indicators, and (iii) the sense of motion of the hanging 
wall. The paper specifies a workflow in order to obtain stress data from point cloud data using 
terrestrial laser scanning (TLS) in an active tectonic environment.  
The entire analysis was performed on a continuous limestone bedrock normal fault scarp on the 
island of Crete, Greece, at four different locations along the WNW-ESE striking Spili fault. At 
each location we collected data with the terrestrial light detection and ranging system (t-LiDAR). 
We then validated the calculated three-dimensional stress results at three of the locations by 
comparison with conventional methods using data obtained manually with a compass 
clinometer. Numerous kinematic indicators for normal faulting were discovered on the fault 
plane surface using t-LiDAR data. When comparing all reconstructed stress data obtained from 
t-LiDAR to that obtained through manual compass measurements, the degree of fault plane 
orientation divergence is ± 005/03 for dip direction and dip. The degree of slickenside lineation 
divergence is ± 003/03 for dip direction and dip. Therefore, the percentage threshold error of the 
individual vector angle at each investigation site is lower than 3 % for the dip direction and dip 
for planes, and lower than 6 % for the strike. The maximum mean variation of the complete 
calculated stress tensors is ± 005/03. 
 
3.1 Introduction 
 
Palaeostress analysis is used to reconstruct stress field variations for a defined region 
throughout different geological periods. In particular, the analysis of neotectonic fault segments 
and their stress field orientations is essential for the investigation of present-day geodynamics, 
fault kinematics, recent seismic events, potential reactivations of fault segments, and for the 
evaluation of the fault activity. Furthermore, natural fault scarps and exhumed fault plane 
segments are indicators of shallow earthquake activity with earthquakes that cut the entire 
seismogenic layer, involving magnitudes greater than MS > 6 (Stewart and Hancock, 1990).  
Study of normal faults has shown that slip-directions vary with throw and distance, converging 
towards the fault hanging walls (Roberts, 1996; Michetti et al., 2000; Maniatis and Hampel, 
2008). Indeed, the hanging wall of normal faults is stretched along strike because hanging wall 
subsidence is greater than footwall uplift and fault throw is greatest at fault centres whereas it 
decreases to zero at the fault tips (Ma and Kusnir, 1995; Roberts, 1996). Fault lengths should 
therefore be reflected in the length-scale of the converging patterns of fault slip; as a result they 
have also been used as an indicator for defining fault lengths (Roberts and Michetti, 2004; 
Papanikolaou and Roberts, 2007). 
For palaeostress reconstruction, we need to obtain some key elements in order to define the 
fault character, its geometry and the sense and direction of motion. Fault segments have to be 
characterised and described for deciphering the fault evolution in a specific area. Therefore, the 
Slip vector analysis with high resolution t-LiDAR scanning 
 69 
fault plane orientation, the orientation of slickenside lineation and the shear sense of motion, i.e. 
the movement of the hanging wall, have to be determined. The varying scales of structural 
heterogeneity, discontinuous geometry along the exhumed footwall slip plane, and the 
complexity of the surface features like subslip-plane breccia sheets, brecciated colluvium or 
frictional water-wear striations on the rupture plane, make it difficult to recognise palaeoevent 
indicators on natural fault scarps above the level of exhumation (Stewart and Hancock, 1991; 
Roberts, 1996). Nevertheless, several authors have published, described and classified tectonic 
normal fault structures, slickensides and other important kinematic indicators, at different scales, 
in order to identify the shear sense on active normal faults (Hancock and Barka, 1987; Doblas et 
al., 1997; Doblas, 1998). For our study we used an artificially exhumed slip plane, a fresh fault 
scarp above the level of exhumation, a degraded fault scarp and an unbrecciated Quaternary 
colluvium for metre scale descriptions to determine the fault kinematics (Hancock and Barka, 
1987). In addition, at the tens of centimetre scale, eleven major groups of slickenside kinematic 
criteria on the exhumed fault plane were used (see Doblas, 1998). 
Some recent studies on active fault planes using terrestrial laser scanning (TLS) have indicated 
that the investigative technique is applicable for morphotectonic analysis (Sagy et al., 2007; 
Jones et al., 2009; Candela et al., 2009). Using TLS allows data to be collected in dangerous, 
steep and inaccessible outcrops (Nguyen et al., 2011). Moreover, virtual geometric 
measurements (Kokkalas et al., 2007a) and statistic calculations (Sagy et al., 2007; Candela et 
al., 2009) of natural fault scarps can also be obtained. 
This paper presents a remote sensing solution for slip vector reconstruction in an active tectonic 
regime using a t-LiDAR system. The test site was on the Spili fault, which is an active normal 
fault in limestone bedrock located on the island of Crete in the Aegean region. All 
measurements of the fault plane, slickendside lineations and slickenside kinematics were 
performed through analysis of terrestrial remote sensing data and accompanied also with a 
conventional compass and clinometer so that a comparison can be made. Extension direction 
analysis was carried out for both data sets and the results were compared. 
 
i Location 
 
The island of Crete (Greece) is located north of the Hellenic trench and south of the volcanic arc 
in the external Hellenides and is associated with the Oligocene/Miocene high pressure/low 
temperature belt (Fassoulas et al., 1994). Crete is characterised by a complex geological and 
tectonic structure that results from: i) the successive thrusting of the alpine geotectonic units on 
top of each other (Bonneau, 1984), ii) the activity of major detachment faults (Fasoulas et al., 
1994; Papanikolaou and Vassilakis, 2010; Zachariasse et al., 2011), iii) by the intense 
neotectonic and active faulting (Monaco and Tortorici, 2004; Peterek and Schwarze, 2004; 
Caputo et al., 2010). 
Crete has undergone uplift of around 2.5 km since the Early Tortonian (Miocene) in several 
different phases (Meulenkamp et al., 1994). The most recent phase of uplift as evidenced by the 
uplifted Messinian deposits (Krijgsman, 1996) began at around 6 Ma and continue up to the 
present day. This is evidenced by the sudden uplift of max. 9 m in AD 365 caused by an 
earthquake on the plate boundary with an estimated magnitude of M > 8 (Meulenkamp et al., 
1988; Fassoulas, 1999; Stiros, 2001; Scheffers and Scheffers, 2007).  
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Crete has a complex pattern of fault zones due to the island’s tectonic evolution. There are two 
major groups of active normal fault strike directions located on the island (Fig. 3.1a); many of 
the associated fault scarps are very impressive and late Quaternary in age. The first group are 
the WNW-ESE trending faults with north and south dipping fault plane segments, which are 
principally located in the central southern Crete. Caputo et al. (2010) define four active major 
normal fault segments within this group including the Sfakia fault, the Asomatos fault, the Agia 
Galini fault and the Spili fault; these four fault segments have a cumulative length of around 55 
km. The second group are the NNE-SSW trending normal fault segments. These faults are 
distributed throughout the entire island. The major faults and fault zones of this group are the 
Phalasarna fault, Gramvousa fault, Rodopos fault zone, Asterussia fault, Eastern Psiloritis fault 
zone, Giouchtas fault, Kastelli fault, Ierapetra fault zone and the Sitia fault zone (from west to 
east).  
 
 
Figure 3.1: (a) Simplified tectonic map of Crete including the two major fault zone orientations which comprise 
WNW-ESE and NNE-SSW trending faults (based on Caputo et al. 2010). SfF: Sfakia Faults; AF: Asomatos 
Faults; SpF: Spili Fault; AGF: Agia Galini Fault; PhF: Phalasarna Fault; GrF: Gramvousa Fault; RFZ: Rodopos 
Fault Zone; AsF: Asterussia Fault; EPFZ: Eastern Psiloritis Fault Zone; GF: Giouchtas Fault; KF: Kastelli Fault; 
IFZ: Ierapetra Fault Zone; SFZ: Sitia Fault Zone. (b) Overview map (SRTM based). The numbers are the 
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locations of the field and LiDAR investigation along the strike of the Spili fault. (c) Elevation profile along the 
strike from west to east along the Spili fault including a wind gap, V-shaped canyons and the river. 
 
ii The Spili fault 
 
The Spili fault is located in the southern part central Crete. This fault belongs to the group of 
WNW-ESE trending normal faults dipping to the south (see Fig. 3.1b). The fault extends over 
the southern slope of the Kedros ridge (around 1600 m a. s. l.) and has a total length of 20 to 25 
km (Monaco and Tortorici, 2004; Mouslopoulou et al., 2011). The elevation of the Spili fault 
varies from west to east. The altitude in the western segment ranges from around 400 m to 900 
m a. s. l., the middle segment from around 800 to 600 m a. s. l., and the eastern segment 
slopes down to around 200 m a. s. l. (see Fig. 3.1c). The footwall primarily consists of Mesozoic 
carbonates of the Pindos limestone unit and is partly comprised of the Tripoli limestone unit. 
The hanging wall comprises formations of alluvial and colluvial deposits.  
The Spili fault has a clear exposed postglacial fault scarp with a maximum height of 8-10 m. The 
fault scarp is predominantly a free face; however, in localities it is also partly exposed by 
selective erosion and anthropogenic intervention. All main characteristics across the scarp can 
be observed such as the artificially exhumed slip planes, the fresh fault scarp above level of 
exhumations, the free face, the degraded fault scarp and the unbrecciated colluvials. On the 
fault plane there are various slickenside kinematic indicators such as lineations, plucking 
markings, tension fractures, hybrid fractures and asymmetric cavities with congruous steps (Fig. 
3.2). Towards the tips of the fault the lineations are continuously inclined pointing towards the 
hangingwall centre of the fault. Our investigations were carried out at four locations along the 
exposed fault. At location 1, which is also the sample area from Mouslopoulou et al. 2011 (Fig. 
3.2.1a-d), there is an impressive fault plane containing tension gashes, slickenside lineations, 
pluck holes and spall marks (Fig. 3.2.1b). Furthermore, two types of fault gouge are present 
(Fig. 3.2.1c), and the eastern part of the fault segment separates into four sub-slip fault planes 
(Fig. 3.2.1d). At location 2, the fault plane has been artificially excavated revealing a colluvial 
wedge. Above the excavated fault plane, the surface is weathered and is increasingly vegetated 
(see Fig. 3.2.2e). Locations 3 and 4 are situated near a canyon close to the village Kria Vrisi. 
The exhumed fault scarp has tension gashes and karstic features (Fig. 3.2.3f, 3.2.4). Some 
areas on the fault plane contain no kinematic indicators as erosion has completely erased them. 
However, calcite fibres are present which are located up to 40 cm above the underlying 
colluvium. Moreover, lineations, breccia sheets, polished fault plane surfaces and corrugated 
slip planes can also be observed.  
V-shaped canyons and wind gaps are also present on the footwall mountain ridge in the north. 
Moreover, earthquake archaeological effects are described at the archaeological site of 
Phaistos, located around 20 km south-east of the Spili fault; the site dates back to Minoan era 
between 4000 and 1350 B.P. (Monaco and Tortorici, 2004). These factors all indicate that the 
Spili fault is active.  
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Figure 3.2: Photo plate of the different investigation locations along the strike direction of the Spili fault; locations 
number 1-4 (see Fig. 3.1). At location 1 there is an impressive fault plane with tension gashes; (a) the sample 
area from Mouslopoulou et al. 2011; (b) slickenside lineation, pluck holes and spall marks on the fault plane; (c) 
two types of fault gauges are exposed; (d) the plane graduates into four sub-slip fault planes in the eastern part 
of the outcrop. Location 2 is anthropogenically influenced and a colluvial wedge can be observed; (e) above the 
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excavation the effects of weathering and vegetation density increases. Locations 3 and 4 are situated near a 
canyon close to the village Kria Vrisi; (f) at location 3 the exhumed fault has tension gashes and karstic features. 
 
3.2 Data acquisition 
 
Our investigation on the Spili fault was carried out at four locations along the exposed fault 
escarpment (Fig. 3.1b). These areas comprise the middle segment of the fault and cover a 
distance of 10 km. The individual locations have exposed fault planes up to several metres in 
height. The locations also contain a variety of useful kinematic features (subslip-plane breccia 
sheet, corrugated slip plane, brecciated colluvium, polished surfaces, degraded fault scarps and 
slickensides), which can be  used to calculate palaeostress. The variation in scarp height can be 
explained by erosion, variable deposition on the drainage network, anthropogenic intervention 
and also by the along strike variability of slip along strike of the fault. The kinematic indicators 
used for palaeostress analysis come in diverse units of scale. The scale of indicators ranges 
from microscopic, to tens of millimetres, all the way up to metres (Hancock and Barka, 1987; 
Doblas et al., 1997). Kinematic indicators of microscopic scale could not be measured in the 
field. This is due to the resolution constraints of the t-LiDAR instrument. However, all other 
indicators on the fault plane were measured such as corrugations, fractures and calcite fibres. 
To reconstruct the palaeostress regime, the orientation of both the fault plane and kinematic 
indicators must be analysed. For that reason, four measurements on the exhumed fault plane 
need to be carried out in the field: (i) the dip direction of the fault plane must be measured to 
determine the spatial orientation; (ii) the dip angle of the fault plane; (iii) the dip direction of the 
slickenside lineation to determine the orientation of movement; and (iv) the dip angle of the 
slickenside lineation to determine the gradient (Angelier, 1994). The first two angles (dip 
direction and dip angle) allow the orientation of the fault plane to be described. The second two 
angles (dip direction and dip of slickensides) allow the slip vector of movement along the fault 
plane to be calculated. These four measurements were carried out in the field using a 
conventional compass clinometer and in retrospect using the t-LiDAR data. At locations 1, 2 and 
3 (Fig. 3.1b), both manual field measurements and t-LiDAR scanning were undertaken to allow 
for a comparison of results. At location 4, however, only t-LiDAR was undertaken. This was due 
to the inaccessibility of fault plane surface which is located to the east of location 3.  
The identification of all kinematic indicators along the investigated fault segment is usually 
limited. This is due to kinematic indicators not all being present at one location, they have been 
altered by external processes, or they are too small for the laser scanner’s spatial resolution to 
define. In order to gain as much kinematic data as possible, field measurements of the main 
eleven normal fault scarp slickenside kinematic indicators (Doblas, 1998) were carried out. 
These included: crescentic markings, steps, fractures, trailed material, asymmetric elevation, 
deformed elements, asymmetric plan-view fractures, asymmetric cavities, asymmetric folds and 
mineralogical crystallographic orientations, which were all present on the Spili fault surface.  
 
i t-LiDAR  
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The t-LiDAR (terrestrial Light Detection And Ranging) or TLS (terrestrial laser scanning)   
remote sensing method has been established as a versatile data acquisition tool in 
photogrammetry, engineering technologies, atmospheric studies, geoscience and geological 
engineering in areas which are difficult to access (Brenner, 2005; Nguyen et al., 2011). The 
technique is a non-contact, non-destructive and non-penetrative active recording system, and 
the high spatial and temporal resolution makes it an effective method for combining 
morphological reconstructions and geological settings (Schumann et al., 2011), monitoring, 
numerical modelling and observations of geological phenomena (Hu et al., 2012). 
t-LiDAR generates a coherent laser beam with little divergence by stimulated emission. The 
electromagnetic waves are reflected by surfaces and the receiver detects portions of the 
backscattered signal. In our study, we used the laser ranging system ILRIS 3D from OPTECH 
Inc., Ontario, Canada. 
The advantages of the terrestrial method are the flexible handling, the relatively quick 
availability of an actual dataset with a recording frequency of 2500 points per second, and the 
very high spatial resolution of the dataset (depending on the range between scanner and 
object). Information about reflected laser beam intensity ranges between 0 (low) and 255 (high) 
without scale unit and the spatial information is recorded in x-y-z-coordinates. The quality of the 
reflection data depends on the inclination angle of the laser beam, the range between the object 
and scanner, the material, the colour, the surface condition and the spatial resolution. The laser 
wavelength of our system is 1500 nm. 
In combination with a digital camera, the point cloud can merge with panchromatic information 
(RGB); the Optech laser scanner has an integrated 6-megapixel camera. Laser scanning allows 
3D surface data acquisition, which is specifically characterised by a digital data record and 
computerised data analysis. The application of the ILRIS 3D is limited by high precipitation, fog, 
snow, low target reflectivity, a high cumulative distance of more than 600 m and a shallow 
incident angle. However, in the frame of this study, these drawbacks are minimised by the close 
investigation range, i.e. the relatively small distance between the t-LiDAR scanner and the fault 
plane. Hence, the footprint is small-sized, so that the reflectivity is high and minimum spot steps 
can be used. In addition, the angle of incidence of the laser beam is perpendicular to the target 
(close to 90°). For our study the distance between the t-LiDAR and the scarp ranged between 5 
m and 100 m, thus offering a maximum resolution of several mm and excellent data quality. 
Furthermore, the outcrop of the fault plane was scanned multiple times from different vertical 
and horizontal directions to minimise data shadow effects. 
The main aims of the investigation were to utilise T-LiDAR in order to: (i) find quantitative and 
qualitative solutions for the reconstruction of fault plane surfaces, and (ii) determine the 
palaeostress regime based on fault slip data of active faults in limestone. In this context, the 
detailed structural analysis of rock surfaces is fundamental and can be realised using a high 
resolution digital elevation model (HRDEM). 
To ensure data quality, and to allow for the reconstruction of palaeostress, we scanned the Spili 
fault zone at four different locations along the fault strike (see Fig. 3.1b, 3.2). At location 1 and 
4, the fault surface was scanned with two overlapping scan windows; at locations 2 and 3, one 
scan window was sufficient. A point to point resolution between 2 mm (at location 1 and 2) and 
28 mm (at the location 3 and 4) was chosen for the different point clouds. At these sites the raw 
point cloud data has around 14 million points (see Tab. 1). At locations 1 and 2, we used t-
LiDAR for close range investigations, and at location 3 and 4 we applied t-LiDAR for long range 
investigations. During the t-LiDAR field measurements, the scanning direction and roll and pitch 
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angle was measured manually with a compass and inclinometer; the position of the t-LiDAR 
was also documented using GPS. These data are essential for processing and palaeostress 
reconstruction. 
 
3.3 Data processing 
 
t-LiDAR raw data processing was carried out using the PolyWorks (InnovMetric, 2010) software 
package. The first step for every scan location was to import the individual single scan windows 
in the alignment tool of PolyWorks. Each point cloud of one scan project includes their 
associated relative coordinate system. This allows scan projects with more than one scan 
sequence to be transformed into one system. The alignment of following scans starts manually 
by identifying points in elements with a distinctive geometry. After that, an automated point-to-
surface Iterative Closest Point (IPC) algorithm was applied in order to minimise the co-
registration error. This lowers the maximum difference to 0.05 mm and reduces the deviation 
tolerance to 0.5 mm. Different scan sequences overlap by 20% to ensure good matching 
(Nguyen et al., 2011). Manual removal of the vegetation was performed by selecting and 
removing the affected points above ground level. Also, uninteresting areas and areas containing 
non-geological features were selected and cleared.  
To georeference the point clouds, the first imported scan window and the GPS data were used 
to define the scanner position. To get the right orientation of the scan sequences, the recorded 
scanner view direction was used for the northing and the pitch and roll angle for horizontal and 
vertical correction.  
Subsequently, two sets of data were generated for every scanned location; for both sets the 
georeferenced and orientated scan data was used. One data set was created for orientation 
analysis of the fault plane and slip vector in the software packages PolyWorks and SplitFx. The 
other data set was used for spatial morphological analysis in a geographical information system 
(GIS); we used ArcMap version 10 from ESRI.  
 
i Spatial morphological analyses in GIS 
 
After data validation, georeferencing, spatial orientation and data cleaning, the point cloud for 
the GIS analysis was rotated to a horizontal plane. However, the inclination angle of the fault 
surface remained and the relative morphological changes on the fault plane are preserved. This 
point cloud was then imported into ArcMap and has been processed like a typical digital 
elevation model (DEM). In GIS, the imported point cloud was converted into a triangulated 
irregular network (TIN) and transformed into a raster format with the corresponding resolution of 
point to point spacing (see Fig. 3.3a-b). This occurred because with the grid format it is then 
possible to quantify morphological features. In this study we used GIS to extract the orientation 
of kinematic indicators in areas of interest and to identify homogenous areas by undertaking 
morphological analyses (e.g. slope angle, aspect, curvature, contour lines and hillshades). For 
instance, we used hillshade to get a morphological overview of the whole scan sequence. The 
slope angle analysis is useful for edging detection on the plane in a spatial environment (Fig. 
3.3d; red colour specify slopes between 70° and 90°), and the aspect, as seen in Figure 3.3g, 
shows revealing data about the down-slope (red colour) or up-slope (turquoise colour) direction 
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into the fault plane surface of the edges. All this information is needed and helpful for kinematic 
criteria decisions, such as the sense of the motion such or geometric characterisation. The 
contour lines are used to determine the height of the identified phenomena (see Fig. 3.3f). 
Monochromatic wavelength information, or the detected backscattered intensity (without scale 
unit), reflects the surface properties in the near infrared that are not spotted by human eye. 
Hence, we used the backscattered intensity to identify a number of significant tectonic fault 
conditions such as breccias, fractures, and degraded and polished parts of the fault surface. 
Figure 3.3c shows these fault conditions where the low values (blue) show the polished part of 
the fault surface and high values (red) indicate the breccias sheet. Therefore, morphological 
analyses can be useful for fault plane surface topography definition to highlight the kinematics 
complexity of the fault, and also to determine adequate sampling localities, e.g. for cosmogenic 
dating.  
To determine the orientation of kinematic indicators we carried out a detailed study of the areas 
of interest. Different forms of kinematic indicators were extracted and topographic profiles 
across the scarp were produced to determine their geometric characteristics.  
 
 
Figure 3.3: A fault segment example from location 1 showing an overview of the fault plane and the different 
analytical tools in the detail boxes (a-g) used for morphological analyses; the lineation and kinematic indicator 
orientation were determined in a three-dimensional spatial way using different software packages. (a) From the 
point cloud a TIN was generated; (b) Raster data set produced in GIS; (c) Backscattered signal of x, y, z 
attributes from the raster data. In GIS the morphological analysis of: (d) slope, (f) contour lines and (g) aspect 
were realised. (e) Georeferenced and orientated meshed point clouds were used for the plane orientation and 
patches were transcribed using SplitFx software (the picture is not in scale). 
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ii Fault plane orientation, kinematic criteria and slip vector analysis  
 
For each study location, a subsampled point cloud with uniformed 0.10 m point spacing was 
exported from the georeferenced t-LiDAR data in PolyWorks and then imported into the SplitFx 
software for the calculation of both the fault plane and kinematic indicator orientations. SplitFx 
was used to create a triangulated mesh from the point cloud to identify the areas on the fault 
plane for orientation analysis. The limiting factors in SplitFx were the number and the size of the 
identified areas (blue triangle in Fig. 3.3e) and their orientation to each other on the mesh. For 
these limiting factors some criteria were defined such as the number of points with a maximum 
edge length of 0.10 m, and a minimum of four neighbouring patches with a maximum 3° 
divergent angle to their respective neighbour. Subsequently, the dip direction and the dip of the 
fault plane are automatically defined on the 3-D meshed surface (Fig. 3.3e). The dip direction 
and dip of the slickenside, lineation or striation can be calculated by using the PolyWorks 
software with the georeferenced data set. We used a simple method to calculate the 3D slip 
vector on the fault plane manually as a line between two points (Gold et al., 2012); the azimuth 
and the angle of the line are extracted (Fig. 3.4a).  
After calculating the orientation of the fault plane, the direction of motion and the slickenside 
orientation, the palaeostress analysis can be performed. Slip vector analysis was undertaken 
using TectonicsFP version 1.7.5 software (Ortner et al., 2002). The obtained orientation and 
sense of movement data were inserted into the TectonicsFP software and the PBT method was 
used for the kinematic analysis, which comprises the theoretical construction of the strain axes 
with P as compressional, B as neutral and T as extensional axes. 
The first step involved the input of the dip direction and dip of both the plane and lineation into 
the software followed by the sense information; the data are then corrected using a defined 
below 10° threshold error. The second step included the calculation of the theoretical pressure 
and tension axes of the orientation data, using an assumed friction angle of 30° (Reicherter and 
Peters, 2005; Sippel et al., 2009); several studies have shown better fitting results when 
applying a frictional angle of 30° for palaeostress datasest instead of 45° which is typically used 
in seismological analysis (Angelier, 1994). The third step was to obtain the palaeostress tensors 
and the axial ratio of the stress ellipsoid defined as σ1 ≥ σ2 ≥ σ3, for the calculation of R = [(σ2 - 
σ3)/( σ1 - σ3)]. The ratio R has a value between 0 and 1, and indicates the stress regime for the 
individual scarp. These steps were then repeated using the manually obtained orientation data 
to allow for the comparison with the t-LiDAR data and subsequent elevation. An error analysis 
between the two data sets was carried out in each case and included the mean calculated 
vector angle of the complete data sets. Furthermore, the divergent angle between the results of 
individual analyses includes the calculated value as a percentage. Lastly, all results of the t-
LiDAR calculations were validated and compared to the  compass extracted field results.  
 
3.4 Results 
 
For each individual study location, the outcomes are: the orientation of the fault plane (dip 
direction and dip), the lineation (dip direction and dip of kinematic indicators) and the sense of 
the slip motion from the kinematic indicators. Manually collected field data comprises 34 
measurements of fault plane orientation with the corresponding slickenside kinematics and 
sense of the motion from locations 1, 2 and 3. In contrast, the remote sensing data comprises 
Slip vector analysis with high resolution t-LiDAR scanning 
 78 
24 measurements from locations 1, 2, 3 and 4, which equates to 6 analysed results per t-LiDAR 
scanned location (see Tab. 1).  
The mean dip direction and dip of the fault planes calculated from t-LiDAR measurements 
varies from west to east: 226/60 (location 1), 190/54 (location 2), 171/56 (location 3), and 
170/42 (location 4); when all 24 measurements are combined the resulting mean dip direction 
and dip is 189/53. The mean dip direction and dip from manual field measurements also vary: 
223/55 (15 values; location 1), 186/58 (10 values; location 2), and 171/62 (9 values; location 3); 
when all 34 measurements are combined the resulting mean dip direction and dip is 198/58. 
The differences between the calculated and measured fault plane mean orientation in degrees 
are 003/05 for location 1, 004/04 for location 2, 000/06 for location 3; and the mean difference 
for all data is 009/05. The percentage divergence of the manual field and remote sensing results 
are, therefore, around 0.8 %, 1.1 % and 0 % for the dip direction and 5.5 %, 4.4 % and 6.6 % for 
the dip at locations 1, 2 and 3 respectively. The summarised percentage difference of the 
complete data set between the t-LiDAR and field measurements amounts 2.5/5.5 % (009/05). 
On every analysed fault plane we found slickensides, lineations and corrugations at different 
scales and in different conditions (Fig. 3.3, 3.4a). The mean dip direction and dip of these 
kinematic indicators from the t-LiDAR results are 198/50 (location 1), 181/53 (location 2), 225/49 
(location 3), 209/33 (location 4), and 203/47 (all data). The manual field measurements are 
212/50 (location 1), 201/57 (location 2), 218/49 (location 3) and 208/53 (all data). The degree 
differences between these two methods are 014/00 at location 1, 020/04 at location 2, 007/00 at 
location 3, and 005/06 using all data. The percentage divergence of lineation is 3.8, 5.5 and 1.9 
% for the dip direction and 0, 4.4 and 0 % for the dip at locations 1, 2 and 3 respectively. The 
comparison of all data between t-LiDAR and manual field measurements is 1.4/6.6 % (005/06), 
and in this case the mean t-LiDAR data are below the field data values. The mean error of the 
corrected data using TectonicsFP is between 1.3° and 2.7° for the manual field data, and 
between 1.8° and 3.8° for the t-LiDAR data. 
The kinematic indicators show predominantly normal faulting. We found six definitive kinematic 
criteria on the fault plane to determine the sense of motion (see Fig. 3.4). Here, we present one 
significant example from location 1 where many kinematic indicators can be observed (see Figs. 
3.1, 3.3, 3.4). The main kinematic indicators are the group of fractures, which are normally 
orientated perpendicular or sub-perpendicular to the slickenside lineation (Fig. 3.4b, 3.4e); 
these can be categorised as tension gashes or synthetic hybrid fractures. Typically, these 
fractures range in scale from a few centimetres to metres and form clusters on the polished fault 
plane. The penetration inclination angle down-slope into the fault surface is around 73° (Fig. 
3.4hb). Generally, the penetration angle of these fractures is 75° or more (Hancock & Barka 
1987; Doblas et al. 1997). Another common group is the asymmetric cavities. This group 
includes asymmetric cavities with congruous steps (sometimes formed by Riedel shears), pluck 
holes and spall marks (Fig. 3.4g). Typically, they pull out the material on the footwall and leave 
a sharp edge on the upper part of their habitus (Fig. 3.4hg). Steps can also be observed on the 
fault plane, especially tension-related features. These features constitute three different types: 
sharp borders, tension fractures and detached fragments (Fig. 3.4d). Metre scale crescentic 
markings are poorly represented on the fault; however, these are good indicators for active 
normal faulting and are characterised by a carrot-shaped wedge (Fig. 3.4c). Also, when viewed 
at metre scale, the asymmetric elevation perpendicular to the movement direction shows down-
slope steps (20 cm) on the fault plane (Fig. 3.4f, 3.4hf). 
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Figure 3.4: Detailed view of location 1 using t-LiDAR data. The analysis of kinematics indicators on the bedrock 
fault plane shows that the Spili fault has undergone normal faulting. The black arrows show the direction of 
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movement and the white triangles refer to eight different kinematics indicators for normal faults: (a) the 
slickenside lineation; (b) synthetic hybrid fractures (hb section in h); (c) crescentic markings; (d) steps; (e) 
tension gashes perpendicular to the lineation orientation; (f) asymmetric elevation (hf section in h); (g) 
asymmetric cavity (hg section in h); (h) profiles taken from b, f and g. 
 
The results of the reconstructed palaeostress regime for both manual field and t-LiDAR 
measurements show a difference in degrees as follows: sigma 1 010/04, sigma 2 007/01 and 
sigma 3 008/05 at locations 1, 2 and 3 respectively. The percentage divergence of all data from 
manual field and t-LiDAR palaeostress investigations amounts to sigma 1 2.7/4.4 %, sigma 2 
2.1/1.1 %, and sigma 3 2.2/5.5 % (Tab. 1) for locations 1, 2 and 3 respectively. The axial ratio of 
the stress ellipsoid (R) calculated using all data is around 0.5. The results of all comparison data 
(58 data sets) are summarised in table 1.  
 
3.5 Discussion and conclusions 
 
The application of terrestrial remote sensing to determine the orientation of the fault plane and 
kinematic indicators for subsequent slip vector reconstruction in active tectonic environment was 
successfully carried out and the results were validated by comparison with manual field 
measurements. The method is an excellent tool for remote and non-contact present stress  field 
investigations on inaccessible active bedrock faults and also allows fault scarps to be preserved 
and monitored for future investigations. The results of our investigations on the Spili fault are 
similar to the findings of Monaco and Tortorici (2004) with a mean north-east and south-west 
extension direction (see Figs. 3.5, 3.6). Furthermore, using this method an abundance of 
information about fault conditions and geometry can be observed in a spatial three-dimensional 
way. The advantage of the t-LiDAR solution is the fast collection of high spatial resolution data, 
and in combination with conventional methods a quantitative improvement of results is ensured. 
For the reconstruction of the fault plane orientation, the summarised t-LiDAR data shows a 
small deviation to the field data; lower than 2.5 % for the dip direction and less than 5.5 % for 
the dip. Hence, the threshold errors are ± 4.5° and ± 2.5° for dip direction and dip using the 
related vector angles (ca. ± 005/03). The three-dimensional analysis of the kinematic indicator 
orientation shows a mean percentage divergence of 1.4 % for the dip direction and 6.6 % for the 
dip. This implies a threshold for the corresponding angle of ± 2.5° and ± 3° (ca. ± 003/03) for the 
dip direction and dip.  
By critically reviewing the data, the relatively large inaccuracy angle of the slickenside 
orientation (ca. 5.5 %) and palaeostress tensors (ca. 49 % for sigma 2) at location 2 is 
conspicuous. It turned out that, this is due to imprecise data recording of t-LiDAR view direction 
during the field data collection or point picking for the lineation orientation. The visual summary 
of all palaeostress data is shown in figure 3.5 and 3.6. The figures comprise different plot types 
at the study locations as well as combined all data plots. The plot types include: the Angelier 
plot, the pt-axes plot (red circle: sigma1, white square: sigma2; blue triangle: sigma3), the 
Mohr's circle plot, and the fault plane solution. The data obtained by t-LiDAR and conventional 
compass clinometer data are remarkably similar. 
When all reconstructed stress data are taken into account, the percentage divergence is 
relatively small. The maximum mean percentage divergence of all sigma data has values of dip 
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direction lower than 3 % and dip lower than 6 % (ca. ± 005/03). Combined, this means that 
there is an error of less than 10 degrees between the t-LiDAR and manual field techniques. 
Possible sources of error could be the manual collection of the pitch and roll angle of the TLS 
view direction. This error increases further with distance. To negate this, an automatic 
registration in the t-LiDAR system would be helpful.  
In this case study we have not used the panchromatic information. This photo image data could 
be used to characterise fault plane phenomena such as breccias, joints or to determine 
vegetated areas on the surface and requires further studies.  
Further steps in our research will be studying reactivated fault planes with multiple kinematic 
indicators or striations in palaeofault systems in similar lithologies with t-LiDAR for stress 
reconstructions.  
 
 
Figure 3.5: Summary of reconstructed palaeostress from field data collected manually. The figure comprises the 
plot types at individual study locations as well as combined all data plots: Angelier plot, pt-axes plot (red circle: 
sigma1, white square: sigma2; blue triangle: sigma3), Mohr's circle plot and fault plane solution (stereoplot). 
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Tab 2: Summary and comparisons of reconstructed palaeostress data from manual field measurements and t-LiDAR 
scanning results. 
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Figure 3.6: Summary of reconstructed palaeostress from t-LiDAR data. The figure comprises the plot types at 
individual study locations as well as combined all data plots: Angelier plot, pt-axes plot (red circle: sigma1, white 
square: sigma2; blue triangle: sigma3), Mohr's circle plot and fault plane solution (stereoplot). 
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4 Bedrock fault scarp history: Insight from t-LiDAR 
backscatter behaviour and analysis of structure changes 
 
Abstract 
 
This paper provides a research approach and develops a methodology that helps natural 
weathered bedrock fault scarps to be understood in terms of their structural changes and 
backscatter behaviour when using terrestrial laser scanning (t-LiDAR). We tested our approach 
on the Pisia fault in Greece that ruptured during the 1981 Alkyonides earthquake sequence in 
Corinth Gulf. The method describes how to correlate fault geometry and structural variations 
with the backscatter signal of t-LiDAR data from naturally exhumed bedrock fault scarps. Using 
this method we are able to reconstruct the past slip history.  
We used t-LiDAR for the analysis of the monochromatic laser beam's backscattered signal to 
define unsupervised classes of unknown objects on fault surface. Seven classes were created 
based on the dendrogram technique using the maximum likelihood method. These were used to 
determine their spatial distribution throughout the scarp height and to calculate the terrain 
ruggedness index (TRI) in the defined classes. The combination of these results shows that: (i) 
the ruggedness increases with the scarp height and (ii) the ruggedness and backscattering 
describe different fault plane conditions. We found evidence for past earthquakes on the Pisia 
fault at our study site with average displacements in the range of 30 - 60 cm with corresponding 
magnitudes of 6.4 - 6.6 ± 0.1 MS. These results help to reconstruct the recent fault history and 
potential palaeo-events, and can also be used: i) to detect appropriate sample sites on the fault 
plane for absolute dating and ii) as an independent constraint on tracing slip events, assisting 
absolute dating techniques. This method can significantly reduce the sampling requirements 
and costs of cosmogenic absolute dating techniques. Overall, it might be a valuable tool for 
extracting data regarding the faulting history and slip events for defining seismic hazard 
parameters. 
 
4.1 Introduction 
 
Decoding coseismic palaeo-earthquakes on bedrock fault scarps is important for accurately 
estimating the seismic cycle, the slip characteristics and the seismic hazard potential of active 
fault zones. The long-term pattern of fault-slip is required so as to extend the history of 
earthquakes on a fault back many thousands of years, a time span that generally encompasses 
a large number of earthquake cycles (e.g. Yeats and Prentice, 1996). As a result, fault specific 
approaches are very important for seismic hazard assessment, because they provide 
quantitative assessments through measurement of geologically recorded slip on active faults, 
sample much greater periods of time than the historical earthquake records, offering a more 
reliable estimate of hazard (e.g. Michetti et al., 2005; Reicherter et al., 2009; Grützner et al., 
2013). In addition, fault specific time-dependent probabilities, which incorporate the concept of 
the seismic cycle, follow the latest advances in extracting earthquake probabilities (e.g. 
WGCEP, 2002; Scholz, 2002; McCalpin, 2009). To calculate such a renewal probability, ideally 
one requires an earthquake catalogue containing several large events on each fault to deduce 
earthquake magnitudes, the mean inter-event time of similar events and the elapsed time since 
the last shock on each fault (Parsons et al., 2000). However, conditional probabilities depend 
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strongly on the value of intrinsic variability of recurrence intervals, which is unknown and 
different for each fault (McCalpin and Slemmons, 1998; Ellsworth et al., 1999; Cowie et al., 
2012). This intrinsic variability of recurrence intervals (known as the coefficient of variation COV 
or aperiodicity) is a measure of the irregularity of the length of the intervals between successive 
events, reflecting the complexities in the accumulation and release of strain (Nishenko and 
Buland, 1987; Ellsworth et al., 1999).  Therefore, this value differs from fault to fault. As a result, 
the recognition of several surface faulting events on each fault offers a unique opportunity, not 
simply to calculate its mean recurrence interval, but also its coefficient of variation (COV). Then, 
conditional probabilities can be calculated separately for every fault (e.g. McCalpin and 
Slemmons 1998; Papanikolaou et al., 2013). As a result, fault bedrock scarps that are the 
cumulative result of many earthquakes, offer the possibility to extra such info, forming a 
valuable tool for seismic hazard assessment.  
In general, fault scarps are dislocations of the ground surface, forming the primary geomorphic 
expression of active faulting and are commonly exposed in basement rocks (Stewart and 
Hancock, 1990, 1994). Exposed fault scarp segments result from shallow earthquakes 
generated at depths of around 10 - 15 km with magnitudes greater than 6 MS (Stewart & 
Hancock, 1990). Fault planes associated with fault scarps bear lineations in the direction of fault 
slip (slickensides) which indicate the motion of fault movement; kinematic indicators range from 
metre-scale corrugations and gutters to centimetre-scale as well as micron-scale frictional striae 
(Stewart and Hancock, 1990, 1991). 
Some features of the fault plane surfaces are proxy data of the kinematics (present-day stress 
field, palaeostress), slip rates (long term slip, individual events) and magnitudes of past events. 
This preserved information, along with absolute dating methods (e.g. cosmogenic nuclide 
dating), is used to decode previous earthquake activity (Zreda and Noller, 1998).  
Our study was undertaken on a postglacial and naturally exposed scarp of the Pisia fault 
located at the eastern end of Corinth Gulf, in Greece, which ruptured during the 1981 
Alkyonides earthquake sequence. This investigation is focused on the comparison of 
ruggedness changes and backscatter signal behaviour along the bedrock scarp's height parallel 
to the slip direction using terrestrial laser scanning (t-LiDAR). The main goal of our research 
was to scan and analyse individual postglacial fault planes to determine which differences and 
changes can be traced on each of the surfaces; t-LiDAR data was used to analyse changes in 
surface structure and to determine characteristic features of the fault planes. Fault planes of 
naturally exhumed scarps are increasingly altered upwards by external influences and several 
geomorphic processes (i.e. weathering, karstification, bioerosion). Past coseismic events go 
back further in time with increasing scarp height and have, therefore, been exposed to 
weathering processes for a longer time (Giaccio et al., 2002). This time dependence is 
noticeable on the plane surface by different stages of weathering, bio-erosion, karstification, 
fractures, cracks, joints, vegetation and lichen growth. Moreover, there is a spatial dependence 
on the fault plane study location, which must be considered in the evaluation, along with the 
strike of the fault segment and the environmental conditions of data collection (Roberts, 1996; 
Roberts & Michetti, 2004). These temporal and spatial modifications are recorded using a 
ground based remote sensing technique (t-LiDAR) in which they are dimensionally preserved 
for subsequent analyses. We apply the t-LiDAR data in combination with high-resolution digital 
elevation models (HRDEM) and high-resolution digital backscatter signal model (HRDBSM) to 
analyse the structural changes on the fault plane. By using these independent methods, surface 
changes can be recognised along both the bedrock fault scarp height and along strike. 
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Displacements and structural changes at different locations along the escarpment can then be 
correlated. 
A fundamental hypothesis for this detailed analysis is the assumption that the ruggedness of a 
fault plane is increasing during the phases between rupturing earthquakes events. In other 
words the longer the inter-event time or the recurrence interval, the higher the ruggedness. In 
this inter-seismic period, external processes (i.e. weathering) have the potential to increase the 
ruggedness of the fault plane. This means that the processes producing the ruggedness 
(weathering, erosion) affect the surface significantly more during the inactive phases than during 
the displacement. This imprint on the fault plane should be noticeable and could be used for 
relative dating between two long inter-seismic periods on an active bedrock fault system. If the 
interval height between these two stages (vertical displacement), the length of the fault system 
and the motion direction of the hanging-wall (slip vector) are known, the magnitude can be 
estimated with the empirical formulas of Wells and Coppersmith (1994) and these results can be 
cross-validated. 
A small number of projects have been carried out to detect and characterise fault plane in term 
of roughness and t-LiDAR (e.g. Fardin et al., 2001; Renard et al., 2004; Rahman et al., 2006; 
Renard et al., 2006; Sagy et al., 2007; Candela et al., 2009; Brodsky et al., 2011; Candela et al., 
2011; Candela & Renard, 2012; Renard et al., 2012); however, the use of t-LiDAR in 
neotectonic studies to analyse active faults is not well established and is still an emerging field. 
Fault plane analyses through descriptive approaches are more common and they support 
methods to quantify, design, develop and establish the terrestrial remote sensing technique in 
neotectonic and geological earthquake studies (Kokkalas et al., 2007a; Kondo et al., 2008; 
Wilkinson et al., 2010; Karabacak et al. 2011; Wiatr et al. 2013). These studies have shown that 
the calculation of roughness on fracture surfaces depends on different surface materials and 
surface characteristics, and that these factors must be considered when estimating rock surface 
roughness (Feng et al. 2003). The fault’s free face is exposed to weathering which leads to 
increased rock surface roughness with time, but the free face roughness has proved difficult to 
quantify (Stewart 1996). Moreover, investigations of bedrock fault scarp surfaces with t-LiDAR 
have shown that fault planes are self-affine, anisotropic and fractal. The calculation of 
roughness with fractal geometry depends on: i) scaling and ii) slip orientation (parallel or 
perpendicular to the slip) (Candela et al. 2009, 2012). Additionally, the roughness parallel to the 
slip direction varies with slip displacement; roughness decreases with increasing slip, as the 
fault plane is polished at small scales and faults with low slip rates have a higher roughness at 
all scales (Sagy et al., 2007; Candela et al., 2009; Brodsky et al. 2011). The roughness and the 
geometry of fault surfaces are very important factors when considering the interpretation that 
the roughness is decreasing with increasing slip (Brodsky et al., 2011). These investigations 
were mostly performed on non-weathered fault surfaces. 
The significant difference of our approach is that the investigation was carried out on naturally 
exposed and weathered fault surface. The study site has a long faulting history with the last 
surface rupturing event in 1981. This paper does not address the scaling question of fault plane 
roughness and resolution. In our approach we use a close range t-LiDAR view in order to 
investigate the natural bedrock fault plane’s surface characteristics and backscatter behaviour 
for subsequent analysis of the slip history and geometry. 
An additional major difference of our approach with respect to previous publications (Candela et 
al., 2009; Brodsky et al., 2011; Wei et al., 2013) concerns the methodology for extracting and 
calculating ruggedness. These authors used line profiles, whereas we calculated the terrain 
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ruggedness index (TRI) based on extensive areal data (cells, grid and the spatial distribution of 
changes). Therefore, our approach is favourable for determining the spatial distribution of 
ruggedness on a surface. Furthermore, two independent approaches with different dimensions 
were used in order to analyse the heterogeneity behaviour of a fault plane. Hence, established 
remote sensing approaches were adapted for this investigation. The staring point is the 
objective approach of unsupervised classification of the detected backscattered signal to create 
classes with significant differences in backscatter signal across the fault plane. The TRI is then 
used to evaluate the disparity of the fault plane topography in order to characterise differences 
in natural fault plane alteration all along the height of the fault surface within the scan window. 
Following these results, detailed analyses were performed using the unsupervised classification 
and TRI in boxes (10 cm high and 20 cm wide) along the height of the fault surface. Each box 
includes 4000 values of the calculated TRI and the detected backscatter signal.  
There are two major goals (hypotheses) for this study and these were performed with the 
comparison and fusion of the results from unsupervised classification and TRI resulting from the 
t-LiDAR data.  
i) hypothesis: The ruggedness is increasing from base to top. Using t-LiDAR data with objective 
approaches we can prove that the ruggedness is increasing as a result of the external 
influences such as karstification, erosion and weathering. Therefore, this investigation follows 
Stewart (1996) and other authors regarding increasing roughness from base to top but with a 
higher resolution of the analysed data.  
ii) hypothesis: Detailed analysis of the backscatter signal and the TRI along the scarp height 
provide information about past individual earthquake events.  
The input data for this analysis are the raster data sets of the TRI (from the high-resolution 
digital elevation models, HRDEM) and the backscatter signal (from the high-resolution digital 
backscatter signal model, HRDBSM). This fault produces surface displacements that range from 
several decimetres to a couple of meters; therefore, the scarp was divided in 22 boxes (10cm 
long and 20 cm wide) along the scarp height, which is a sufficient resolution for tracing palaeo-
events. This vertical line of the boxes is in agreement with the results of the classification, 
according to which ruggedness increases from base to top and not along the fault’s strike. The 
mean value of the backscattered signal as well as the mean TRI value was then calculated for 
each box.  
Therefore we have two fundamental hypotheses to test and two independent approaches with 
different dimensions.  
 
4.2 Location 
 
The Gulf of Corinth covers an area around 110 km long and 30 km wide. It is one of the most 
seismically active parts of Greece and undergoes a maximum extension rate of 1.5 cm/yr 
(Bastesen et al., 2009). The investigated Pisia fault is located on the Perachora peninsula at the 
eastern end of the Corinth Rift (Fig. 4.1) and is part of the South Alkyonides fault system that 
comprise of the Pisia, Skinos and Psatha fault segments (Morewood & Roberts, 2001; Roberts 
et al., 2009). On February 24, 25 and March 4 1981, three (MS = 6.7, MS = 6.4, MS = 6.3) 
successive destructive events (MS intensity ≥ IX) occurred at the eastern end of the Corinth 
Gulf (Fig. 4.1b) (e.g. Jackson et al., 1982). Hubert et al. (1996) showed that the last two events 
of the sequence lie in areas where a positive Coulomb stress increase has been calculated, 
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implying that this earthquake sequence was the result of stress transfer that triggered the 
second and third events. All three events correspond to normal faulting, accommodating N - S 
extension. The focal mechanisms that described the co-seismic slip at depth (~10 km), exhibit 
similar fault plane orientations and kinematics to those measured on the faults at the surface 
(Morewood & Roberts, 2001). 
Both the Pisia and Skinos segments were activated in 1981 producing extensive surface 
ruptures and maximum displacements that reached 150 cm in Pisia and 100 cm in Skinos (e.g. 
Jackson et al., 1982; Mariolakos et al., 1982). Trenching studies on the Skinos fault revealed 
palaeo-events similar to the 1981 surface ruptures with an average recurrence interval of 330 
years (Collier et al., 1998). The maximum cumulative throw of both faults is observed between 
Skinos and Alepochori and estimated by several authors both onshore and offshore to be about 
2.5 - 3km (Myrianthis, 1982; Perissoratis et al., 1986; Roberts, 1996; Sakellariou et al., 2007) 
with approximately 1.5 km at Skinos (Leeder et al., 2005). Roberts and Stewart (1994) have 
also calculated 650 m minimum uplift on the Pisia footwall based on phreatic baroque dolomite 
cements. 
 
 
Figure 4.1: a) Simplified map of the eastern end of Gulf of Corinth, b) Map of the 1981 surface ruptures and the 
recorded focal mechanisms during the Alkyonides earthquake sequence and our study site. Sketch modified 
from Jackson et al. (1982), Mariolakos et al. (1982) and Hubert et al. (1996). Fault plane solutions are presented 
from different sites in the study area (stereoplots 1, 2, 3 in Fig 4.1b). c) Distant view of the study site. d) Close 
up view of the scanned free face with t-LiDAR. The 60 cm surface displacement of the 1981 earthquake as well 
as the slip of the pre 1981 (penultimate event) can be observed. 
 
At the study location (38°1'26" N, 23°1'05" E; around 580 m a.s.l.) the fault strikes E-W, dips to 
the north (007°) at 53°, and the present extension vector is oriented N-S (Roberts 1996). 
Slickensides show that the Pisia fault is a normal fault and that the study area is located in the 
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central part of the fault segment with an azimuth and plunge value of 010°/53°. The footwall is 
sculpted in Middle Triassic - Lower Jurassic limestone and ophiolites and the hanging-wall is 
made up of Pleistocene fluvio-colluvial deposits. For the Pisia fault which is approximately 15 
km long, observations show a 30 - 150 cm offset during the 1981 earthquake sequence along 
the fault segment (Jackson et al., 1982; Mariolakos et al., 1982; Roberts, 1996).  
At our study location the investigated part of the scarp surface is around 2.2 m high, 0.5 m wide 
and located in the middle of the fault segment in a forested area. The analysed fault plane is 
smooth, without breccia and karstic features, but different lichen sizes can be observed at 
various heights. The 1981 rupture can be seen at the base of the scarp where an offset of 
around 30 to 60 cm is clearly visible. Moreover, a possibly older pre 1981 rupture can also be 
observed (Fig. 4.1c, d; Fig. 4.2a). With regard to these obvious and documented ruptures on the 
fault plane, which can be identified in the field, this promising study site was chosen for the t-
LiDAR data analysis to test the aforementioned hypotheses. 
 
4.3 Method 
 
i t-LiDAR (terrestrial laser scanning) 
 
Terrestrial laser scanning (TLS, also known as t-LiDAR) with its high spatial and temporal 
resolution is an effective remote sensing technique for reconstructing, monitoring and observing 
geological and geomorphological phenomena and their related hazards. The fundamental 
principle of t-LiDAR is to generate a coherent laser beam with little divergence by stimulated 
emission. A static t-LiDAR is a non-contact and non-penetrative active recording system that is 
stationary during recording. The monochromatic electromagnetic waves are reflected by 
surfaces and the receiver detects portions of the backscattered signal. All scanned sequences 
were mapped with first pulse detection. The laser ranging system is based on measuring the 
time-of-flight (two-way travel time) of the short laser signal. The illuminated area (footprint) is 
controlled by wavelength, beam divergence, and range between sensor and target as well as by 
the angle of incidence (Jörg et al. 2006). The physical principles of laser scanning systems, 
pulse detection, footprint, scattering and the interaction of laser beam and objects are described 
in detail by several authors (e.g., Jelalian, 1992; Baltsavias, 1999a,b; Flood, 2001; Hofton & 
Blair, 2002; Wandinger, 2005; Wagner et al., 2004, 2006; Hollaus et al., 2006; Lichti, 2007; 
Höfle & Pfeifer, 2007; Wendt, 2007). In our study we use the laser ranging system ILRIS 3D 
from OPTECH Inc., Ontario, Canada.  
The advantages of the terrestrial method are the flexible handling, a relatively quick availability 
of an actual dataset, and a very high spatial resolution with information about backscatter 
signal, x-y-z-coordinates and range. In combination with a digital camera the point cloud and 
panchromatic information can be combined in order to additionally achieve the RGB colour-
coding. Laser scanning allows 3D surface data acquisition (irregular point cloud), which is 
specifically characterised by a digital data record and computerised data analysis by using 
different software packages. Furthermore, the implementation of the dataset in a geographical 
information system (GIS) is uncomplicated with accurate digital elevation models (DEM) or 
digital terrain models (DTM) sourced directly from the raw dataset.  
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The application of t-LiDAR is limited by high precipitation or by low target reflection with 
cumulative distance and shallow incident angle. In the frame of this study, these drawbacks are 
minimised by the close range investigation (range between scanner and object is only 10 m) 
and by scanning the fault plane during summer in dry conditions within two hours. Hence, no 
humidity and moisture changes are expected on the fault plane and the footprint is small-sized 
which ensures data quality by recording the fault surface changes with a minimum spot step. In 
addition, the angle of incidence of the laser beam is perpendicular to the target. The quality of 
the reflection depends on the inclination angle of the laser beam, the range between the object 
and scanner, the material, the colour, the surface condition (weathering/roughness) and the 
spatial resolution. The infrared (1500 nm) laser scanner detects monochromatic information of 
the backscattered signal in 256 grey values. The information on the monochromatic wavelength 
and the detected backscattered signal in the near infrared reflects the surface properties. This 
wavelength is invisible to the human eyes and as a result it provides an additional view of the 
scarp, enriching our interpretations. 
The processes involved in data acquisition include many steps such as: data pre-processing; 
mathematical and geometrical alignment of the different scan windows of one object; data 
revision and the interactive dataset cleaning; geo-referencing and translation; data 
transformation for other software products; analysis of the scarp geometry; calculations of the 
spatial distribution of surface features, backscatter signal and degradation; characterisation of 
the fault plane conditions; and data management. 
 
ii Close range t-LiDAR and the resulting analyses 
 
The results of the roughness calculation and the difference in the spatial distribution on the 
scarp surface depend on the slip direction and scale (Candela et al., 2009). Indeed, the greater 
smoothness in slip direction presumably represents wear resulting from slip (Power et al., 
1987). Several statistical studies on the roughness of fault planes demonstrate the influence of: 
i) the scaling properties, ii) the direction of the roughness analysis on the fault plane, iii) the 
fractal character and iv) the dependence on self-affine geometry (Renard et al., 2004, 2006; 
Sagy et al. 2007). The literature provides a large number of statistical parameters in order to 
extract the surface roughness. Several authors describe in detail the joint roughness coefficient 
(Tse & Cruden, 1979), the root mean square correlation (Candela et al., 2009), the terrain 
ruggedness index (Riley et al., 1999), the root mean square method (Fardin et al., 2001), the 
Fourier power spectrum, the roughness in form of power spectral density (Wei et al., 2013) and 
the Hurst exponent analysis (Develi & Babadagli, 1998; Lee & Bruhn, 1996).  
The primary objective of this research approach was to apply terrestrial remote sensing to 
investigate relative fault plane variations on active bedrock fault scarps which are naturally 
exposed. For this goal the static t-LiDAR data from close range investigations were used, where 
the distance between the t-LiDAR and the scarp is around 10 m. This distance offered a 
maximum resolution of several mm and high quality data. Moreover, for all scans the view angle 
of the scanner was aligned perpendicular to the fault plane. The recorded fault scarp had a 
point to point resolution of 2 mm during the field investigation. As a result a grid resolution of 5 
mm was selected for the data processing. After data cleaning (the manual and semi-automatic 
removal of irrelevant features such as vegetation) the point cloud was rotated to a horizontal 
plane, imported into a geographical information system (GIS) and then processed like a digital 
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elevation model/digital terrain model (DEM/DTM). In GIS, the scans (cleaned point cloud) have 
been converted to a triangulated irregular network (TIN) and subsequently to a raster format, 
wherein the z value or the backscattered value can be specified as height values in different 
grids. Therefore, two independent raster surfaces were created. With the grid format it is also 
possible to apply the basic applications for morphologic specifications, image manipulation and 
different spatial statistical analyses. All corresponding raster data sets have the same 
resolution, orientation, origin, rows and columns for analyses in the GIS. The data sets are, 
therefore, concurrent and the comparison of different independent results from individual raster 
surfaces of the fault planes is then feasible. In this context, the research is focused on fault 
scarp changes in ruggedness, backscattered signal and surface conditions, upwards from the 
base of the scarp. These features can be observed with high resolution digital backscatter 
signal model (HRDBSM) and high resolution digital elevation model (HRDEM). 
We used the terrain ruggedness index (TRI) after Riley et al. (1999) from the HRDEM and the 
unsupervised classification based on the HRDBSM to quantify the spatial distribution of the 
ruggedness and spectral behaviour on the bedrock fault plane. In these research approaches, 
important fault plane characteristics are needed to estimate the hazard potential of post-glacial 
fault zones. The following four main processes were accomplished: I) acquisition and 
processing of t-LiDAR data (including x, y, z-coordinates and backscattered signal); II) image 
analysis and processing of HRDBSM - image information from the backscattered signal (has no 
unit) of the monochromatic, coherent laser beam is analysed in order to identify and classify the 
different surface conditions - geostatistical methods, unsupervised classification and clustering, 
such as the maximum likelihood method, are applied to quantify and investigate the spatial 
distribution of relevant phenomena on the fault plane; III) analysis of the HRDEM datasets in 
terms of morphological parameter values by the application of appropriate models which define 
them. The TRI (has no unit in a descriptive approach; the classification is from level to extremely 
rugged) was used for the spatial ruggedness characterisation (Fig. 4.2c, d); and IV) comparison 
of the independent results so as to recognise and correlate fault plane changes (Fig. 4.2). 
The workflow in detail was defined in several steps with different approaches and dimensions 
with regard to the tested hypotheses: Firstly, a classification of the backscatter signal was 
performed (from HRDBSM) for the spectral distribution on the weathered fault surface within the 
detected area of interest (AOI) by using maximum likelihood method. The unsupervised 
classification defined seven classes based on the dendrogram method by using the HRDBSM 
raster surface in GIS. Secondly, the mean value of the backscatter signal for each class was 
extracted. Thirdly, we have to figure out how these classes are distributed across the scarp and 
where there are located. Therefore, the mean value of the height on the detected fault scarp of 
each class was extracted (relative height information). Fourthly, the mean TRI value for each 
class was calculated. The TRI value was extracted from the HRDEM (Fig. 4.2b, c). The class 
distribution across the scarp is extracted from the unsupervised classification. Both the TRI and 
the defined classes have the same reference system.  
Identifying the changes in the ruggedness along the detected scarp height in the image using 
the high resolution data is a rather difficult task (Fig. 4.2c). Therefore, a sub-sampling of the 
calculated TRI (window size of 10 cm high and 2.5 cm wide) was performed in order to 
determine the ruggedness changes spatially across the detected scarp (Fig. 4.2d). Hence, the 
modifications of structure changes are more obvious in the resample raster surface data. The 
size of the sub-sampling window was defined on the basis of the 1981 rupture at this site (30 - 
60 cm). The sample size is significantly smaller than the displacement which provides the 
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possibility to recognise changes. The latter implies that the ruggedness increases progressively 
from the base to the top, confirming our hypothesis (i). 
 
 
Figure 4.2: Results of the different analysis on the individual fault plane extracted in GIS. a) view of the scanned 
free face of the Pisia fault (see also Fig. 4.1c, d): b) the high resolution digital elevation model is shown as a 
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hillshade (HRDEM); c) the terrain ruggedness index (TRI ); d) for imaging the spatial modifications across the 
fault plane (TRI resample); e) high resolution digital backscatter signal model (HRDBSM) with the distribution of 
the backscatter signal (near infrared); f) unsupervised classification with maximum likelihood method. g) The 
diagram shows the pixel values distribution (counts) of the different unsupervised classes (mean value of the 
backscatter signal). h) show a simplified sketch (not to scale) of the used TRI approach after Riley et al., 1999 
by using the HRDEM and the moving window method to create two raster datasets which are essential for the 
ruggedness calculation. The black boxes (in the photo (a)) show the investigation locations for the detailed 
analysis by using the 22 boxes. 
 
Based on these fundamental results the fault surface was investigated in detail. For this 
purpose, the ruggedness and backscatter signal were calculated every 10 cm along the scarp 
height in sample window sizes (boxes) of 10 cm high to 20 cm wide (Fig. 4.2, 4.4). Then, 
detailed variations of the backscatter signal and TRI can be traced that are useful for the 
distinction and interpretation of significant differences on the fault plane, which constitute our 
hypothesis (ii). Moreover, the last rupture (by the 1981 earthquake sequence) and the 
displacement at this site are known and this information can be used to interpret and validate 
the modification of ruggedness and backscatter results.  
Finally, both the ruggedness and the backscatter signal reflect the surface conditions and these 
independent results were used to quantify the surface variability (with regard to the hypothesis i 
and ii) based on two different approaches (initial data from the HRDEM and HRDBSM) and two 
different dimensions (within seven classes and 22 boxes using the high resolution data). 
 
iii HRDBSM (high resolution digital backscatter signal model)  
 
Apart from the attribute of the height (z-value), the backscattered signal was used to create the 
spatial backscatter signal distribution (x, y, backscatter signal). In this case the unsupervised 
classification of the different class signatures was carried out using ISO clustering. ISODATA 
clustering is an automated iterative self-organising method and a standard evaluation method 
for spectral analysis in remote sensing of unknown objects (Dubes & Jain, 1976; Haala & 
Brenner, 1999, Liu et al. 2011). The raster dataset with the backscatter behaviour is the input 
raster band. By using ISO clustering in ArcGIS, it is necessary to define parameters such as the 
number of classes (7 in this study based on the dendrogram method), the number of iterations, 
the minimum class size and the sample interval. For the signature data (necessary for the 
unsupervised classification using the maximum likelihood method) seven classes were chosen 
for the comparison (Fig. 4.2f). The analysis of the ruggedness with the terrain ruggedness index 
(TRI) method is also divided in seven classes. Thereafter, the maximum likelihood classification 
was estimated for all seven spatial class distributions of the backscattered signal on the fault 
scarp surface. Thus, each cell is assigned an undefined and unknown object, which reflects the 
infrared spectral properties of the fault surface during data recording (8 Bit, 0-255 grey value 
distribution). Boundary cleaning was performed to smooth the borders between the different 
defined classes by applying the shrink and expand functions of the spatial analyst tool in ArcGIS 
(Jones et al. 2011). Subsequently, the distribution of the different classes on the fault plane was 
used for the spatial analysis (to define the location on the fault plane) and the roughness was 
calculated within these classes.  
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iv HRDEM (high resolution digital elevation model) 
 
The terrain ruggedness index (TRI) method was selected in order to quantify the topographical 
heterogeneities of fault plane ruggedness (Riley et al., 1999). The TRI is a method used to 
quantify the heterogeneity and variability of a terrain and provide an objective measurement of 
the spatial distribution of structure changes based on a digital elevation model (DEM). This 
technique uses a moving window system to produce two different raster surfaces (minimum 
value and maximum value), which are used for the calculation of the TRI values for each grid 
cell (Fig. 4.2h). In this case, the HRDEM was used for the fault plane ruggedness calculation in 
order to quantify the heterogeneities of the fault plane along the scarp height (x, y, z). Statistical 
analyses were performed to define the minimum and maximum elevation based on a 3x3 (cells) 
rectangular moving window in the AOI. Therefore, using the focal statistic tool in GIS, eight 
neighbouring cells are used to summarise the variability in elevation difference around each 
local cell. Afterwards, two raster surfaces are produced representing the maximum (raster 
surface 1) and minimum values (raster surface 2) of the neighbour grid cells (Fig. 4.2h). These 
two HRDEM's with the different values are necessary for the calculation of the TRI. This index 
describes the square root height difference of each cell between the squared maximum and 
minimum HRDEM and is divided in seven classes between 1 (level) and 7 (extremely rugged) 
(Riley et al., 1999). Consequently, the higher the difference among the maximum and minimum 
values of the two raster surfaces, the higher the ruggedness of the surface. In contrast, if the 
difference between the two raster surfaces is low, the surface is smoother. Overall, this is a 
technique for imaging and tracing the spatial variability and heterogeneity of an analysed 
surface in an objective way. By definition, the TRI has no units and a descriptive classification 
from level to extremely rugged is used. Therefore, in order to quantify the modifications, multiple 
profiles at the same location were created, to detect the amount of difference between the two 
raster data sets. The difference between the minimum and the maximum raster has values in 
centimetres and therefore, output values represent centimetres.  
After following this process, heterogeneous and homogeneous areas can be easily traced in the 
recording scan window on the fault plane (Fig. 4.2d). The calculated values vary on the 
analysed fault surface because the gradient of weathering or slip activity is different.  
Once this window size is modified, the results will also be changed in the same dimensions. 
This implies that results are controlled by the selected dimension; however, if the window for the 
analysis is small the feature changes in the terrain model are important as they are small-scale 
variations, and if the window size is large the shapes of the features will be accentuated. This 
technique has been applied for quantifying the heterogeneity of the sea floor using deep-sea 
multibeam data (Wilson et al. 2007).  
The subsequent comparison of the HRDEM and HRDBSM allows the different surface 
structures to be analysed whilst preserving the scale, and is used for the interpretation of the 
ruggedness changes. For this study it is important to focus our attention on the spatial 
distribution of the different results from the fault surface. Hence, the values of backscattering, 
ruggedness and its distribution along the scarp height (relative height information) were used for 
every unsupervised class (Fig. 4.2c, f; Fig. 4.3). The individual results of the ruggedness and 
backscattering were combined to find spatial distribution correlations over the scarp height. 
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Based on the unsupervised classification, zonal statistics were used in order to calculate the 
mean of the backscattered values, the relative elevation of the scarp height, and the 
ruggedness for each class (Fig. 4.3). Subsequently, the ruggedness and backscatter can be 
analysed over scarp height in the equivalent classes.  
 
4.4 Results 
 
i Results for hypothesis (i) 
 
The results of the clustering analysis with the maximum likelihood method are shown in figure 
4.3. The abscissas in the plots show the different classes of the unsupervised classification (1 to 
7). All the plotted values in the different diagrams are the mean values from the analysis. A 
trend and correlation can be recognised on the analysed scrap surface. The values of 
backscatter signal are increasing from class 1 to class 7, but the range of the values is not very 
high (101-210). The spatial distribution of the backscatter signal clusters along the relative mean 
height on the fault plane shows that the class 1 is at the base and class 7 at the top of the fault 
scarp. The results of the mean TRI values demonstrate increasing ruggedness from the base 
(class 1 with 3.74) to the top (class 7 with 3.85). In other words, the base of the fault plane is 
smoother and has low backscatter values, and the top is rougher and has higher backscatter 
values (Fig. 4.3). We interpret these changes as a result of the 1981 rupture which exhumed the 
fresh fault above the hanging-wall (smoother fault plane); the continuous increase in roughness 
values to the top of the analysed fault plane is a result of sub-aerial weathering processes. The 
comparison of the unsupervised classification areas, with the mean and the standard deviation 
values of the TRI, relative height information (mean height of the unsupervised classes, Fig. 
4.2f, 4.3) and backscatter signal values, clearly show that there is a correlation between scarp 
height, surface structure and backscatter behaviour (Fig. 4.3). Consequently, this proves and 
verifies our hypothesis that the roughness is increasing with the bedrock fault scarp height. The 
next step is the calculation of the variation of backscatter signal and roughness along the scarp 
height every 10 cm (Fig. 4.2a; Fig. 4.4).  
 
 
Figure 4.3: Diagrams showing the results of the analysis including, a) the mean backscatter, b) the relative 
height elevation of the different classes along the scarp (mean height of each calculated class), and c) the 
terrain ruggedness index values (TRI in cm) for each of the seven classes of the unsupervised classification. 
The ordinate left y-axis (blue stars) shows the values of backscatter signal, relative height information (in m) on 
the fault plane, the TRI values (in cm) in the individual classes; the ordinate right y-axis (green circles) shows 
the standard deviation in each class. These diagrams show a clear correlation between scarp height, surface 
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structure and backscatter behaviour, demonstrating that roughness is increasing with the bedrock fault scarp 
height. 
 
ii Results for hypothesis (ii) 
 
Exhumation of the fault plane due to coseismic slip exposes the fault surface to differential 
weathering and changes in surface roughness. We attempt to distinguish individual slip events 
(earthquakes) on the fault plane using t-LiDAR and a combination of backscatter signal and 
ruggedness changes. The latter could be a breakthrough since information about the "slip per 
event" would be extracted (e.g. the slip of each past individual event), and a high spatial 
coverage along strike can be attained. This information is of decisive importance regarding 
seismic hazard assessment and knowledge of the seismic cycle. In order to recognise the 
changes in roughness on the bedrock fault surface, a detailed analysis is necessary.  
A mask of 10 cm (height) to 20 cm (width) is used for the detailed calculation of the backscatter 
signal and roughness changes along the 220 cm high studied fault scarp; backscatter signal 
and roughness changes are calculated every 10 cm, and the results of both values at the same 
height can then be compared.  
The two diagrams in figure 4.4 show the detailed calculation. On the abscissa the scarp height 
in centimetre scale is plotted against the backscatter and ruggedness results. In both diagrams 
the mean trend of the values is increasing from base to top with some variations and 
fluctuations along the scarp height. The results of the backscatter signal have a maximum of 
190 (standard deviation (SD) = 17), a minimum of 139 (SD = 9) and a mean value of 158 (SD = 
12). The results of the detailed TRI calculation shows an average of 3.76 (SD = 0.52), minimum 
of 3.66 (SD = 0.49) and maximum of 3.9 (SD = 0.61) values. The range of the standard 
deviation is lower than 0.1 compare to the range of the calculated TRI (differences along the 
investigated fault plane height within the 22 boxes) that is around 0.3 (Fig. 4.4). The latter 
implies that the range of variation of the standard deviation is smaller than the range of variation 
of the calculated TRI. The standard deviation does not represent data quality and its value 
should not have a positive or negative interpretation. The calculated TRI values inside each box 
display a normal distribution. As a result, the important factor for every individual box is the 
mean value of the calculated TRI. Based on our box (20x10cm) and cell size (0.5cm), 400 
values are within each box, forming a large statistical sample (in total 8800 values along the 
scarp height). Therefore, the standard deviation reflects the variability of the 400 calculated 
values inside each box. Furthermore, the standard deviation indicates the heterogeneity and 
also the ruggedness of the analysed box. The standard deviation is around ± 7% of the 
calculated mean TRI value. 
The backscatter values are increasing at the smooth parts of surface and decrease or stagnate 
by the same range of values at the rougher parts of the fault surface (Fig. 4.4). At our study site 
the exact height of the last rupture in 1981 is known; therefore, we can see that the roughness 
in the section exposed in 1981 is increasing up to a height of 30 cm and then decreasing to 60 
cm. In the same section, the curve of backscatter values shows the opposite behaviour with a 
decrease of backscatter values to 30 cm followed by an increase (Fig. 4.4, A). If this fluctuation 
in roughness is representative of a single event, it is again noticeable at fault plane heights of 
110, 160, 190 and 220 cm (Fig. 4.4, TRI plot). This implies displacements of 60, 50, 50, 30 and 
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30 cm from younger to older event respectively on the Pisia fault. Assuming that these values 
represent  the average vertical displacements, then the expected magnitudes calculated using 
Wells & Coppersmith (1994) are 6.6 MS, 6.6 MS, 6.6 MS, 6.4 MS and 6.4 ± 0.1 MS (Fig. 4.4, A, B, 
C, D, E). It should be noted that the threshold using this method is around ± 10 cm as defined 
by the sample window size.  
 
 
Figure 4.4: Detailed analysis (every 10 cm) of the Pisia fault. The diagrams include the scarp height (in cm), the 
distribution of the backscatter signal, the terrain ruggedness index (TRI in cm) values (blue line, left axis) and 
the standard deviation (green line, right axis). Five palaeo-events are traced (A, B, C, D, E). The mean vertical 
displacement for each event with their corresponding expected magnitudes after Wells and Coppersmith (1994) 
are displayed below the x axis. 
 
4.5 Discussion and outlook 
 
Fault scarps are the result of cumulative surface rupturing earthquake events. Over the last 
years several cosmogenic isotope studies have tried to unravel the fault history by sampling and 
testing the fault’s free face. Usually, the bedrock scarps are polygenetic, i.e. formed by repeated 
slip during seismic events of a certain magnitude and all step-generating events along a given 
section are recorded (Giaccio et al., 2002). This means, that no destruction or overprinting of 
past events is expected on the fault plane. Cosmogenic dating allows the exposure time(s) of 
parts of bedrock scarps to be determined (e.g. Benedetti et al., 2003; Palumbo et al., 2004), 
which means that a modelled chronology for the individual slip events on the fault plane can be 
archived and then correlated to individual earthquakes. This is, however, a costly painstaking 
and time consuming process and choosing the correct sample site is vital for the accuracy of the 
results. Through the use of t-LiDAR, interesting and promising research sites for numerical 
dating can be identified and the data can be quantified by cross validating the results with the 
spatial distribution along strike the exhumed fault plane. The displacement per event can then 
be correlated with the empirical formulas of Wells and Coppersmith (1994) to assign 
magnitudes for palaeo-earthquakes. The detail analysis of the Pisia bedrock fault plane with t-
LiDAR shows that displacements at this site occur in a range of every 30 - 60 cm. Furthermore, 
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considering these as average displacements, as is also confirmed by the 1981 (60 cm) rupture 
at this site, then these events had magnitudes between 6.4 and 6.6 ± 0.1 MS. These values are 
within the range of potential magnitudes for the Pisia fault considering its length (Fig. 4.4; Fig. 
4.5). Herein, it has to be noted that when palaeo-events occurred very closely spaced in time it 
is hardly to detect the individual events. Similarly, surface displacements below 10 cm are also 
not possible to trace with this scan window. Furthermore, these calculations show the history of 
slip events at a single locality along strike the fault segment (in this case the central part of the 
fault). They are not necessary representive of the whole fault displacement history, since slip 
varies along strike the fault (e.g. McCalpin 2009, see also Fig. 4.1b the 1981 surface ruptures). 
Moreover, it is also common that some earthquakes may not rupture their entire fault length. 
Indicators shown on bedrock fault scarps in a view of near infrared (Fig. 4.5) can be viewed and 
quantified by using t-LiDAR data and subsequently with remote sensing and morphological 
methods. This combination of methods in terms of micro- to meso-scale analysis of fault 
surfaces is useful for reconstructing the fault history. The calculations were performed in GIS 
and the comparison of terrain ruggedness approach and the backscattered signal are helpful 
methods to differentiate the fault plane in areas of interest. Furthermore, using restrictive criteria 
and comparing correlations, a trend of various modifications on the fault plane can be 
performed. The increasing roughness of the fault plane with the fault height is represented by 
the backscatter behaviour of the laser beam; however, if the fault ruggedness is relatively low 
the mean backscatter values are relative high. This implies that the scattering of the laser beam 
on a smooth fault plane is lower compared to a rougher fault surface. Also, the scattering is 
dependent on the differences between the two surfaces.  
Small bands in a range of 5 to 10 cm at different heights on the fault plane between the A-B and 
B-C section can be observed (Fig. 4.5, c, e). These bands of different heights which trend 
parallel to the topography of the hanging-wall indicate the horizontal weathering evolution 
between different displacement events (Giaccio et al., 2002). We manually mapped these 
horizontal weathering bands and calculated the mean backscatter values for a detailed view of 
the fault plane changes. We interpret these as the influence from the top soil layer lying upon 
the colluvial wedge which is also influenced by humic acid dissolution and vegetation. This 
influence can also be recognised directly on the base of the bedrock fault scarp in the transition 
zone between exposed bedrock and colluvium (Fig. 4.5, a). These bands might also be related 
to postseismic slip processes. For example, Wilkinson et al. (2010) calculated up to 2.5cm of 
afterslip within 4 months, following the 2009 Mw 6.3 normal faulting earthquake in L’ Aquila.  
The detected horizontal weathering bands show a sharp alteration from the surrounding 
backscatter distribution and they are continuous along the strike of the fault scarp (Fig. 4.5, box-
plot diagram). The backscatter values of the bands are lower than the following section along 
the scarp height; however, the distributions along the strike of the detected different bands are 
in a range of height between: (a) 5 - 15 cm, (b) 30 - 60 cm, (c) 8 - 10 cm, (d) 55 - 70 cm, (e) 5 - 
10 cm, (f) 50 - 70 cm and (g) 55 - 65 cm (Fig. 4.5). The backscatter values in the box-plot 
diagram in figure 4.5 are the mean values of the mapped bands along the height of the fault 
plane. These values are, therefore, different to the calculated values with the 10 cm masks (Fig. 
4.4) because the spatial expansion needed for the calculations is different. Nevertheless, the 
largest effect can be recognised in the lower, younger part of the fault plane (Fig. 4.5, box-plot 
diagram a, c) and this characteristic fades out (the backscatter value differences) with the height 
towards the older part of the plane. However, a variation of the slip behaviour is evident even 
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over such a short distance along the detected fault strike (around 2 - 3 m), (Fig. 4.5, box-plot 
diagram e).  
 
 
Figure 4.5: a) Summary and interpretation of the backscatter signal and the terrain ruggedness index (TRI) 
results based on the results of figure 4.3 and 4.4, showing all five palaeo-events and the small bands in 
between. These displacements are correlated with the expected magnitudes after Wells & Coppersmith (1994). 
Moreover, a variation of the slip over such a short distance along the fault strike is also observed. b) The box-
plot diagram shows of the mean values of the backscatter signal along the scarp height and over different 
bands. 
 
It has to be noted that these results are only selective and show the slip history at one site of 
the free face fault scarp segment; however, it is noticeable that the roughness values at the 
detected heights on the fault scarp are always relatively low and the roughness is increasing in 
between the detected events. For further investigations it would be interesting to see how the 
behaviour of mean ruggedness values differs along strike from the centre to the tips of a 
continuous bedrock normal fault. In other words, how do the ruggedness values control, contain 
and shift from the central part of the fault system with the highest offset to the ends of the faults 
with the lowest offset. Furthermore, the processes producing the roughness on naturally 
bedrock fault planes have to be investigated by all means and methodologies (e.g. by numerical 
modelling, laboratory experiments, analogue models). 
What has not been considered in this investigation is the weathering stability and weathering 
behaviour of the various limestones on the bedrock faults above the colluvium, and the 
interaction in the subsurface between the colluvium and the bedrock fault plane. Furthermore, 
the composition and the depth of the colluvium are unknown. These parameters and objects 
must be studied in future investigations to fully understand the fault history.  
Helpful methods for further investigations could be the combination of panchromatic information 
and/or high resolution multi sensor cameras with fault plane structure analysis from the 
HRDEM. This will help quantify the different classes with known objects for a supervised 
classification. The creation of composite bands for a multiband raster dataset of different 
wavelengths can support the knowledge about the spectral behaviour of the horizontal 
weathering phenomena on the exhumed bedrock fault scarp. Also, geophysical investigations 
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like ground penetrating radar (GPR) on the colluvial wedge, and/or trenching in combination 
with t-LiDAR scanning of the subsurface fault plane, could help our understanding of the 
processes occurring in the shallow subsurface (e.g. Bubeck et al. in press). The impact of the 
external processes on the coseismic post exhumation of the fault plane could also be 
ascertained. 
The work presented here includes the recognition of surface structure changes in combination 
with the backscatter behaviour analysis on fault planes. These analyses are helpful and useful 
methods for supporting the knowledge of the structural differences on the naturally exhumed 
fault plane and can help define past faulting history. Furthermore, changes on the free face 
along the scarp height can be recognised using the combination of the backscatter signal and 
terrain ruggedness index. This method can be used to select sample sites on natural bedrock 
fault scarps that are suitable for dating. Moreover, it may significantly reduce the number of 
samples required to define palaeo-events, reducing both the time and cost of the palaeoseismic 
research. In addition, it can act as an independent constraint on tracing slip events, assisting 
absolute dating techniques. Extracting individual events based solely on absolute dating 
techniques, such as cosmogenic isotopes, can be difficult task, if the inter-event time is short. In 
this case, the fault plane is not exposed for a long time at the surface so as to accumulate 
enough cosmic rays before the next upcoming event, in order to clearly differentiate isotope 
concentrations from both events. As a result, discontinuities on the distribution of the cumulative 
isotopic concentrations versus the height along the scarp are not easily traced and then 
different scenarios regarding the number of palaeo-events are proposed (e.g. Palumbo et al. 
2004). This is expected particularly for high slip-rate faults with short recurrence intervals such 
as the Pisia fault. Therefore, a combination of relative and absolute dating can assist the 
decision and distinction of different events regarding faults with short recurrence intervals.  
 
4.6 Conclusion 
 
• The results of the t-LiDAR investigation confirmed the hypothesis that on naturally 
exhumed bedrock fault scarps the roughness increases with scarp height. Our method 
can be used to quantify the free face of a fault plane and to define the spatial 
distribution of the degraded parts (for example karstic features) both along the fault 
plane height and along the strike.  
 
• Using a combination of backscatter signal data from HRDBSM with roughness results 
from the HRDEM, the spatial quantification of structural fault surface changes can be 
carried out along the scarp height and strike. We have shown that the base of the fault 
had a lower roughness than the top and these differences are reflected in the 
backscatter signal distribution. This knowledge can be used for investigations at 
different locations along strike the fault for obtaining a complete view of the history of 
faulting along the entire fault length.  
 
• With t-LiDAR data an estimation of individual faulting events is possible. Detailed 
observations of the HRDEM and HRDBSM and correlations with the 1981 surface 
ruptures shows that the roughness is increasing between two events and the 
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backscatter signal values are decreasing on the base of the fault scarp; however, with 
increasing height of the fault plane this characteristic is becoming more diffuse. 
 
• Our analysis shows evidence for repeated faulting of the Pisia fault with 30 - 60 cm of 
displacement at the studied site; we estimate the corresponding magnitudes to range 
between 6.4 and 6.6 ± 0.1 MS. This may be tested by cosmogenic isotope data.  
 
• A variation of slip over such a short distance along the fault strike (around 2 - 3 m), can 
be observed in all palaeoevents. 
 
• Our workflow could be a supporting tool for determining proper sampling sites for 
absolute dating techniques on exposed fault surfaces. Moreover, it may significantly 
reduce the number of samples required to define palaeo-events, reducing both the time 
and cost of the palaeoseismic research. Furthermore, a combination of relative and 
absolute dating can help to support the decision and distinction of different events at 
faults with low slip displacements and/or high repetition rates. 
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5 Evaluation of past earthquake events based on high 
resolution static close range t-LiDAR 
 
Abstract 
 
Static close range terrestrial laser scanning (t-LiDAR) was used on the active bedrock 
(limestone) free face scarp of the Kaparelli fault in Greece (Gulf of Corinth). This was 
undertaken to investigate this normal fault scarp’s morphology, roughness, degradation and to 
classify the scarp so that palaeo-slip events and their magnitudes can be determined. Data 
acquisition using close range t-LiDAR results in a high-resolution scan of the free face surface. 
Analysis of this scanned surface provides high-resolution digital elevation data of surface 
changes, orientation and sense of motion, and high-resolution backscattered signal (near 
infrared) along strike and over the height of the free face. Rock surface changes over the height 
of the free face were analysed using the ruggedness approach (terrain ruggedness index, TRI) 
and the backscatter signal behaviour (unsupervised classification). These analyses help us 
determine the relative age of palaeoevents and their magnitudes. The presents stress field and 
the fault plane solution are also considered for the accurate reconstruction of the displacement. 
Published 36Cl cosmogenic dating results indicate repeated surface rupturing earthquakes on 
the Kaparelli fault scarp and these data were used to validate our results. Integrated t-LiDAR 
analysis is an effective tool to detect and visualise the slip per event and allows the in-depth 
analysis of these events to be undertaken. 
 
5.1 Introduction 
 
Fault scarps are morphological expressions of repeated past earthquake-induced surface 
ruptures, frequently related to strong shallow earthquake events (10-15 km depth) with 
magnitudes MS larger than 6 (Stewart and Hancock, 1990). These exhumed fault planes are 
preserved when the slip rate exceeds the erosion rate (Roberts and Michetti, 2004). 
Preservation of these scarps began at the end of the last glacial maximum, and therefore these 
scarps are postglacial (Benedetti et al., 2002; Papanikolaou and Roberts, 2007). In the Aegean 
region, many normal faults consist of limestone scarps (footwall) juxtaposed against Quaternary 
alluvial-colluvial sediments (hanging-wall). After each strong surface rupturing earthquake the 
footwall scarp becomes progressively exhumed and the fault’s limestone free face is then 
exposed to weathering processes and external factors; it then becomes increasingly eroded, 
degraded and karstified (Stewart and Hancock, 1991; Giaccio et al., 2002). The temporal and 
spatial distribution of such strong earthquake events should be noticeable on the fault plane by 
differences and changes in surface structures. An important question addressed in this paper is 
whether palaeoevents can be recognised on such postglacial bedrock fault scarps using t-
LiDAR datasets. Our approach uses the effects of weathering and external influences in order to 
define the fault scarp’s degree of degradation. This is related to the time since exhumation and 
provides a relative age.  The assumption is that the individual stages between strong surface 
rupturing events (inter-seismic periods) can be recognised on the free face, from the base 
(younger scarp) to the top (older scarp), due to the cumulative and increasing imprint from 
weathering and external processes (Fig. 5.1). Terrestrial laser scanning is a tool for quantifying, 
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in a subjective way, these structural changes of bedrock fault scarps. The documentation of 
these changes can be interpreted as the past slip history of a fault segment and is essential for 
the reconstruction of palaeoseismicity in defined areas.  
 
 
Figure 5.1: a) Sketch of an active normal bedrock fault scarp including the features on the fault plane observed 
during our investigation with static close range t-LiDAR. The geometric variables for stress vector analysis (dip, 
dip direction, azimuth, plunge) are described. The external influences, which can change and influence the 
structural behaviour of the free face from base to top, are described. The spatial distribution of vegetation, 
lichen, karstification, fractures, holes and calcite fibres, along strike and over the fault plane’s height, are 
important for relative dating. Our hypothesis suggests an increase in these features from base to top (from 
relatively young to relatively old). The orientation of the fault plane and kinematic indicators such as slickensides 
and corrugations were used to reconstruct the stress field, shear direction, fault plane solution and sense of 
motion (orientation of fault surface and orientation of the slip vector). Moreover, the key characteristics, the 
orientation of both the fault plane and kinematic indicators are shown for reconstruction the stress regime using 
fault plane solutions; includes the reference axes (x (east), y (noth), z (up)), the strike of the fault plane, the 
azimuth of dip angle of the fault plane (d), the dip of fault plane (p) (for fault plane orientation), as well as the 
angle of the slip vector orientation (i, pitch of slickensides) and the direction and the sense of slip (indicates by 
narrows of slickensides). This orientation data was also used to correct the vertical displacement in relation to 
the slip direction and to reconstruct the average earthquake magnitude (based on Angelier, 1994; Giaccio et al., 
2002).  
 
Several investigations have been carried out trying to detect and characterise roughness on 
active bedrock fault planes using t-LiDAR (Fardin et al., 2001; Renard et al., 2004, 2006; Sagy 
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et al., 2007; Candela et al., 2009, 2011; Candela and Renard, 2012; Renard et al., 2012). 
These studies have shown that the calculations of roughness on ruptured bedrock fault surfaces 
are self-affine, anisotropic and fractal, and that the calculation itself depends on the slip 
orientation and varies with slip rates. Furthermore, the roughness parallel to the slip direction 
differs with slip displacement; the roughness is decreasing with increasing slip (Sagy et al., 
2007; Candela et al., 2009; Brodsky et al. 2011). Most of these investigations were performed 
on non-weathered and non-altered fault surfaces. Our analysis on the other hand, has been 
performed on a naturally exhumed, weathered bedrock fault scarp surface, which recently 
ruptured and has been dated using cosmogenic nuclide analysis (Fig. 5.1-5.2). 
The study area is located at the eastern Kaparelli fault segment, eastern Corinth, Greece. The 
Kaparelli fault scarp was last activated during the third earthquake (March, 4th, 1981, M 6.4) in 
the 1981 Corinth earthquake sequence and revealed a maximum coseismic slip of 50-100 along 
a 10 km long surface rupture (Jackson et al., 1982; Hubert et al., 1996) (Fig. 5.2). The analysis 
of 36Cl concentration shows an overall increase with scarp height because the higher parts of 
the scarp have been exposed for longer. Furthermore, specific changes in 36Cl concentration 
are interpreted as being caused by individual strong surface rupturing palaeoearthquake events; 
by carrying our investigation at this location, our results can be compared, correlated and 
validated with those from the absolute dating. Absolute dating is an expensive method and 
needs a large number of samples to be taken in order to characterise all the previous slip 
events. If a significant correlation between our analysis and the results of absolute dating is 
found, the number of samples extracted for cosmogenic nuclide dating can be greatly reduced. 
In addition, using t-LiDAR we can get a continuous record of the slip distribution along strike, 
which helps determine the fault’s palaeoseimological history. We compare the results of the 
nonlinear trend of changes of the backscatter signal and ruggedness over the scarp height (Fig. 
5.4) in order to recognise different surface conditions. This allows slip events and average 
magnitudes to be inferred. 
 
5.2 Background of the Kaparelli fault study area 
 
The Kaparelli fault is located in the eastern part of the Gulf of Corinth. This region in central 
Greece undergoes mainly N-S extension at rates up to 15 mm/a (Goldworthy and Jackson, 
2001). The Kaparelli fault is an active normal fault with a maximum postglacial scarp height of 4-
5 m and is divided into an eastern and western segment, each about 5 km long (Benedetti et al., 
2003). Our study site is at around 280 m a.s.l. located to the east of the village of Kaparelli. The 
footwall is comprised of Triassic-Jurassic limestone, whereas the hanging-wall is made up of 
terrestrial alluvial and colluvial deposits of Pleistocene and Holocene age. The Livadostros river 
to the south of the fault forms the erosional base in the hanging-wall, is fault controlled and 
strikes parallel to the Kaparelli fault (Fig. 5.2).  
Three events with magnitudes greater than 6 occurred in the Gulf of Corinth in winter 1981. The 
first two events ruptured the Perachora, Pissia and Schinos fault segments during the night of 
the 24-25 February and had magnitudes of 6.7 and 6.4; the third event on 4 March ruptured the 
Kaparelli fault and had a magnitude 6.3 (Hubert et al., 1996, Jackson et al., 1982). Following 
this sequence, several studies were carried out on the Kaparelli fault, including 2-D roughness 
analyses (Stewart, 1996), cosmogenic nuclide dating (Benedetti et al., 2003), trenching 
(Kokkalas et al., 2007b) and deformation monitoring by a dense network of non-permanent GPS 
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stations and extensometers (Ganas et al., 2007). Benedetti et al. (2003) extracted four events 
based on cosmogenic dating over a 350 cm vertical scarp. The results give evidence for events 
at 20±3 ka (220 cm displacement), 14.5±0.5 ka (110 cm displacement), 10.5±0.5 ka (60 cm 
displacement) and 1981 (40 cm) (total displacement of 430 cm). These results indicate that the 
time intervals between slip events are 5.5±3 ka, 4.5±0.5 ka and 10.5±0.5 ka with a decreasing 
displacement from older to younger events (Fig. 5.5).  
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Figure 5.2: a) Simplified geological map including the tectonic, topographic and the main drainage pattern of the 
study area near Kaparelli village (see study area and Fig. 5.3). The distribution of vertical displacement on the 
two different fault segments (each around 5 km), which ruptured during the 1981 Alkyonides earthquake 
sequence, are shown with the Kaparelli fault having a maximum offset of around 100 cm (Jackson et al., 1982). 
A surface displacement of around 40 cm caused by 1981 earthquake sequence is observed at the study area 
where the t-LiDAR investigation was performed. The Photo compilation (b, c and d) shows the t-LiDAR 
investigated area on the Kaparelli fault close to the cosmogenic nuclide sampling site of Benedetti et al. (2003). 
 
5.3 Method 
 
We apply a static t-LiDAR system with 1500 nm (infrared) wavelength at close range adjacent to 
where sampling was undertaken for cosmogenic nuclide dating (Benedetti et al., 2003). A point 
to point resolution of 2 mm was chosen during the field investigation, however, as a result of the 
data processing a grid resolution of 5 mm was selected. From the cleaned point cloud a high 
resolution digital elevation model (HRDEM) was used to calculate the terrain ruggedness index 
(TRI) and a high resolution digital backscatter signal model (HRDBSM) were then generated 
from the reflected monochromatic laser beam. The spatial structural changes across and along 
the scarp were then defined using the terrain ruggedness index (Riley et al., 1999). To image 
the spatial ruggedness changes along the fault plane the original results of the TRI (cell size 5 
mm) was resampled in a regular grid of 10 x 10 cm. Therefore, based on the grid resolution (5 
mm) and the resample box sizes (10 x 10 cm), each box in figure 5.3b3 includes 200 values of 
the original TRI result. 
However, for the detailed analysis in terms of fault plane changes which indicates different 
palaeoevents, a suitable sample area close to the absolute dating area was chosen for cross 
validating the result of backscatter changes and ruggedness modifications. 
This was calculated using the HRDEM for the TRI (grid resolution of 5 mm) and an 
unsupervised classification of the generated HRDBSM (grid resolution of 5 mm) for each 10cm 
(Fig. 5.3, 5.5) over the height of the free face (total 320 cm vertical displacement) (Wiatr et al., 
2015). The sample area for the detailed analysis is 10 cm high and 20 cm wide and thus 
implicates 400 values in each sample box. In order to accurately reconstruct the vertical 
displacement and the corresponding calculation of the average magnitudes (after Wells and 
Coppersmith, 1994), the fault plane geometry and slip vector orientation (analysis of dip, dip 
direction, azimuth, plunge) were quantified using the HRDEM (Wiatr et al., 2013). The results of 
relative dating and the fault plane geometry analysis using the t-LiDAR method were then cross-
validated with the results of the cosmogenic nuclide dating. (For a detailed explanation of the 
method see chapter 4). 
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Figure 5.3: Results of the spatial behaviour of the HRDEM (b1), HRDBSM (b2) and terrain ruggedness index 
(TRI) (b3) used for the relative dating. The important characteristics at our study are the corrugations which 
indicate the slip vector, the changes and spatial distribution of the backscatter signal value, and also the terrain 
ruggedness index over the scarp height. From the orientation of the fault plane (dip, dip direction) and the 
corrugations (azimuth, plunge), the fault plane solution was reconstructed (b2: II,). By comparing the HRDEM, 
HRDBSM and TRI it is possible to map essential features (see Fig. 5.1) along strike. The surface displacement 
of approximately 40 cm caused by the 1981 earthquake sequence is clearly visible at the base of the fault plane 
in the HRDBSM and is characterised by sharp boundary in the backscatter behaviour (b2).  
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5.4 Close range t-LiDAR results 
 
The virtual fault plane of the scanned Kaparelli segment has a mean dip direction of 175° and a 
dip of 75°. This was calculated by dividing the plane into patches for each measurement and an 
average was taken. The slip vector has an azimuth of 221° and a plunge of 64° and was 
calculated using the corrugation and undulation on the plane (Fig. 5.3b1, 3I, II, III). These steps 
were followed in order to correct the vertical displacement with the slip and dip of the fault plane. 
Using the HRDBSM, features such as lichen, holes, karren, vegetation, joints and especially the 
spatial distribution of the 1981 earthquake sequence are clearly traced. 
The ruggedness and backscatter signal analysis indicates a significant linear trend with 
increasing values over the height of the free face (compare Fig. 5.1; Fig. 5.4b dashed lines). For 
detailed considerations, an individual segmentation is acceptable and was performed based on 
significant changes of both results. The 1981 event shows an abrupt increase in the backscatter 
values and a decrease in ruggedness above the pre 1981 soil surface, which is located at a 
height of 40 cm on fault plane (Fig. 5.4bI). Furthermore, the behaviour of the ruggedness and 
backscatter both significantly change at the same heights where the results of cosmogenic 
dating indicate strong past events (Fig. 5.4a).  
This behaviour was used to quantify structural changes and to decide on how to subdivide the 
free face into different sections over its height. Consequently, a total of six different texture 
changes on the free face were traced, which are all between 40 cm and 60 cm in height (Fig. 
5.4b, I-VI). The subsequent calculated average magnitude for these 6 events using the slip 
vector ranges between MS 6.6 ± 0.1 and 6.7 ± 0.1 (Fig. 5.5). 
 
 
Figure 5.4: Ruggedness and backscatter distribution over the height of the Kaparelli fault plane adjacent to the 
absolute dating area of Benedetti et al. (2003). Detailed analyses were undertaken every 10 cm (see Fig. 5.2, 
5.3, 5.5). The plots include the scarp height (x-axis), the height distribution of the backscatter signal and TRI 
values (both on the y-axis), linear trends (dashed lines), the results of Benedetti et al. (2003) (a, yellow dots, y-
axis) and our relative dating results (b, I-VI, x-axis). 
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5.5 Discussion and conclusions 
 
This methodical approach allows the structural changes on fault planes to be imaged and used 
to interpret palaeoevents imprinted on the free face. The Kaparelli fault is around 10 km long 
and with this length the fault has the potential to produce earthquakes of 6.2 ± 0.6 MS. Benedetti 
et al. (2003) states that a maximum magnitude of 7.0 ± 0.1 MS has occurred at this fault (Fig. 
5.5), which gives a maximum difference of 1.3 MS between both models. One reason for this is 
that some palaeo-events could be missing (seismic gap) in the absolute dating data and/or not 
noticeable. Our relative dating method shows not only a significant correlation between the 
height of past events determined by absolute dating (Fig. 5.4b, I-II, II-III, IV-V), but the structure 
changes and backscatter behaviour indicate two possible additional events with expected 
average magnitudes of 6.6 ± 0.2 MS. These are in agreement with the Kaparelli fault surface 
length and the 1981 earthquake rupture. 
A representative area must always be found on the free face to reconstruct the surface changes 
in context of past strong events. This is because of the exhumed fault scarp’s varying scale of 
structural heterogeneity and discontinuous geometry along strike, and also the complexity of the 
surface features such as the subslip-plane breccia sheet, brecciated colluvium or frictional 
water-wear striations on the rupture plane; these all make it difficult to recognise palaeoevents 
on the fresh fault scarp (Stewart and Hancock, 1991; Roberts, 1996). The detailed geometrical 
characterisation of the slip surface is dependent on the view direction to the strike-slip direction 
(parallel or perpendicular), because the anisotropy properties and fractal dimensions of fault 
morphology are decisive (Fardin et al., 2001, 2004; Rahman et al., 2006; Renard et al., 2006; 
Sagy et al., 2007, 2009; Candela et al., 2009). Nevertheless, on a representative area our 
approach can be used to characterise the fault plane’s structural changes; our approach can 
also be used to develop and compare with other methods such as fractal roughness 
approaches and multi-spectral analyses using composite raster band datasets. 
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Figure 5.5: Vertical displacement calculation and mapping along strike based on the results of backscatter 
distribution and ruggedness as well as the comparison of these analyses. The mean backscatter signal for the 
different mapped changes over the fault plane shows an increase in values with height. Furthermore, the sense 
of motion and the corrugation are used for the calculation of the displacement in slip direction. Based on this the 
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average magnitudes (after Wells & Coppersmith, 1994) was calculated for the absolute dating results 
(cosmogenic nuclides from Benedetti et al. (2003)) and relative dating results from t-LiDAR datasets. 
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6 Conclusions 
 
The focus of this thesis was to combine classical methods and terrestrial remote sensing 
techniques to develop robust approaches for the spatial and temporal analysis of active fault 
zones and to characterise normal bedrock fault scarps. For this purpose 3D data sets (point 
clouds) were generated and recorded using long and close range t-LiDAR (terrestrial Light 
Detection And Ranging) investigations to capture and analyse the relevant spatial features of 
active bedrock normal fault segments. Spatial analysis was performed along strike and over the 
height of naturally exhumed bedrock fault planes; the various investigations and analyses 
covered different objectives, resolutions and dimensions of faults, and innovative approaches 
were developed to characterise and describe these earthquake induced geomorphological 
features. 
The main aims of these investigations were to analyse the ruptured segments of active bedrock 
scarps with ground based static laser-scanning techniques (static t-LiDAR) covering 
tectonomorphology (topic 1, chapter 2), palaeostress (topic 2, chapter 3) and palaeoevents 
(topic 3, chapter 4-5). Through studying these topics with t-LiDAR, new approaches were 
successfully developed. 
The described methods used high resolution digital elevation models (HRDEM) and high 
resolution digital backscatter signal models (HRDBSM) to analyse the activity faults. There are 
several other methods used to characterise fault related features and fault activity, such as 
trenching or profiling; however, the accuracy, the large spatial coverage along fault strike and 
the resolution of t-LiDAR data allows the spatial behaviour to be analysed in detail, which is 
important for accurate hazard assessment. Furthermore, other advantages of the t-LiDAR 
methods include the reproducible documentation, fast data acquisition, and accurate and 
objective evaluation in inaccessible or dangerous areas. The specific methods of the different 
topics (1-3) can be individually used on particular areas; however, the combination of the results 
of each method allows the reconstruction of fault evolution and the calculation of parameters to 
determine the activity of individual fault segments (chapter 5). Hence, the methods can be used 
on particular study sites (irregular analysis along the fault strike) that may provide promising 
results, and/or along the entire ruptured fault segment (regular analysis along the fault strike is 
possible).  
The research has shown the potential of t-LiDAR to support conventional methods used in 
neotectonic subjects; moreover, it’s provides basic approaches for active bedrock fault scarps 
issues and allows the development of new and innovative solutions to evaluate the 
characteristics of active normal bedrock faults. Hence, the described methods are useful for the 
estimation of seismic hazard; they advance active fault investigations and help bridge the gap 
between terrestrial remote sensing and neotectonics. The structure of the thesis is separated in 
different dimensions and resolutions of the analysed areas of interest (AOI) by using long range 
and close range t-LiDAR investigations (compare Tab. 1). The research explains the important 
issues covering data acquisition, processing, analysis and interpretation (see Fig. 1.4). 
Morphological, statistical and established remote sensing approaches were successfully used to 
analyse the fault zone in terms of the following topics: 
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• Topic 1: How does the authentic (naturally exhumed) bedrock fault scarp height vary 
along the ruptured segment? Which areas along strike can be used for long term throw 
rate calculations?  
 
To answerer these questions long range t-LiDAR data sets were used for meso scale 
calculations of fault segment dimensions. The analyses are useful for determining the scarp 
height, scarp quality and height variability to allow further calculation such as long term throw 
rate. As a result it is possible to exclude highly externally influenced areas along strike with 
objective methods to ensure the quality of further calculations. This allowed the threshold to 
over or underestimate the fault activity to be minimised. The main outcomes of this investigation 
are summarised below: 
 
• the calculated vertical displacements of the different fault segments show a significant 
normal distribution 
 
• there is no correlation between mean vertical displacement and dip of the fault  
 
• it is necessary to exclude the areas with high external influences to determine the 
authentic fault scarp. This can then be used to calculate the activity of a fault.   
 
• by calculating the long term throw rate over a defined time period (e.g. postglacial time), 
the range of the vertical displacement variations of the authentic fault scarp have to also 
be considered 
 
The approaches using long range t-LiDAR which includes morphological, conventional and 
statistical methods has shown that areas can be defined where the external influence of scarp 
height modification processes (erosion and sedimentation) is less. Only these areas should be 
used to estimate the long term throw rate. The spatial and geometrical variation of the authentic 
fault scarp could therefore be reconstructed. Moreover, this approach can be used to explore 
and determine suitable areas to collect samples for dating. 
 
• Topic 2: Is it possible to reconstruct the fault plane geometry with related kinematic 
indicators for stress field analysis along an active bedrock fault segment? 
 
The fault plane along the strike of an ruptured bedrock fault segment were analysed with t-
LiDAR in order to reconstruct the present stress field by characterisation of three key elements: 
i) the orientation of the fault plane, ii) the orientation of slickenside lineation, and iii) the sense of 
motion. The developed method is a remote and non-contact approach to calculate the stress 
field. Long and close range t-LiDAR was performed along an entire ruptured bedrock fault 
segment (Spili fault, Crete). The application of terrestrial remote sensing to determine the 
orientation of the fault plane and kinematic indicators for subsequent slip vector reconstruction 
in active tectonic environment was successfully carried out, and the results were validated by 
comparison with manual field measurements. The field data validate the t-LiDAR results 
showing a threshold of lower than ± 005/03. Hence, the recorded t-LiDAR data (with high 
resolution and accuracy of long and close range investigation) allows the observation of 
numerous kinematic indicators on the fault plane surface which are necessary for stress field 
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reconstruction. The method is an excellent tool for remote and non-contact stress field 
investigations on inaccessible active bedrock faults.  
 
• Topic 3: Can we find evidence for individual faulting events on the bedrock scarp’s free 
face? 
 
This approach allows the faulting history along surface rupturing scarps to be reconstructed. It 
also allowed us to test the potential of selected locations to calibrate the terrain ruggedness 
index (TRI) method for active fault planes. The backscattered signals are used for extracting 
features, which indicate rupture history, and allow an unsupervised classification of fault plane 
characters to be undertaken. The static t-LiDAR techniques are used for surface evaluation of 
limestone bedrock scarps and roughness analysis of the scarp surfaces. As the footwall of a 
normal fault undergoes continuous uplift, the development of fault scarps by repeated 
earthquakes forms a steep polished fault plane (free face) that is subject to differential 
weathering over time (degradation, karstification, bio-erosion). Therefore, the upper parts of 
scarps are usually characterised by more intense weathering in comparison to the base. The 
goals of this t-LiDAR investigation are to reveal the slip history of known and dated active faults 
and to establish relative age estimations for the coseismic slip events along limestone fault 
scarps in the Mediterranean region (Greece). Corresponding modular approaches were 
established for this, which include the virtual 3D evaluation of data gained from several static t-
LiDAR data recording processes. The results of the t-LiDAR investigation proved the hypothesis 
that on naturally exhumed bedrock fault scarps the roughness increases with scarp height. Our 
method can be used to quantify the free face of a fault plane and to define the spatial 
distribution of the degraded parts (for example karstic features) over both the fault plane height 
and along the strike.  
Using a combination of backscatter signal data from HRDBSM with roughness results from the 
HRDEM, the spatial quantification of structural fault surface changes can be carried out over the 
scarp height. The investigations have shown that the base of the fault had a lower roughness 
than the top and these differences are reflected in the backscatter signal distribution. This 
knowledge can be used for investigations along fault strike at different locations in order to 
recognise various rupture generations on a continuous fault scarp segment. The analysis of 
HRDEM and HRDBSM shows a characteristic signal. With t-LiDAR data an estimation of 
individual faulting events is possible. Detailed observations of the HRDEM and HRDBSM shows 
that the roughness is increasing between two events and the backscatter signal values are 
decreasing near the base of the fault scarp; however, with increasing height of the fault plane 
this characteristic is becoming more diffuse. The workflow could be a supporting tool to help 
determine good sampling sites for absolute dating techniques. Moreover, it may significantly 
reduce the number of samples required to define palaeo-events, reducing both the time and 
cost of the palaeoseismic research. Furthermore, a combination of relative and absolute dating 
can help to support the decision and distinction of different events at faults with low slip 
displacements and/or high repetition rates. 
However, the varying scale of structural heterogeneity and discontinuous geometry of the 
exhumed fault scarp along the strike of a fault zone, and the complexity of the surface features 
such as the subslip-plane breccia sheet, brecciated colluvium or frictional water-wear striations 
on the rupture plane, makes it difficult to recognise the palaeoevents on the fresh fault scarp 
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above the level of exhumation. Therefore, a representative area must be found on the free face 
to carefully reconstruct the surface changes in the context of past strong events. 
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7 Outlook 
 
It is necessary to describe the fault related characteristics with objective and neutral methods to 
evaluate the past seismic activity for accurate seismic hazard assessments. Therefore, 
quantitative and qualitative approaches are needed which must be used independently to help 
the decision of the policy maker. This thesis includes basic approaches to support such a 
decision in active bedrock fault zones; all the described methods can be easily adapted for 
other tectonic relevant issues or dimensions, with only small modifications. For instance, when 
considering footwall and hanging-wall investigations such as surface erosion models, the 
surface morphology based on the long range t-LiDAR data are useful for mass balance 
estimations and to recognise the influence of sedimentation and erosion along the strike of fault 
segments. Moreover, the approaches can be used for trenching investigations to analyse the 
sediments with objective approaches to support conventional methods such as logging. 
Additionally, the development of these approaches should be further investigated. Some open 
questions and ideas for close range static t-LiDAR investigations using the described 
approaches of HRDEM and HRDBSM are as follows: 
 
• How does the behaviour of the mean ruggedness values of a continuous normal 
bedrock fault differ along strike? In other words, how does the ruggedness values 
control, contain and shift from the middle part of the fault system with the highest offset 
to the ends of the faults with the lowest offset (Fig. 7.1b)?  
 
• Can the ruggedness index at suitable areas along different fault segments, in particular 
where the maximum vertical displacement is evident, be used for estimation the activity 
of different fault segments in fault zones (Fig. 7.1c)?  
 
• There is the possibility to use a fault plane ruggedness equilibrium (the ruggedness 
behaviour along the entire fault segment) of the different weathered natural bedrock 
fault planes of different segments to distinguish the time dependent reactivation of 
surface ruptures of each segment in the fault zone (Fig. 7.1c). This hypothesis should 
be further investigated, because the study has potential to quantify fault activity as well 
as to distinguish between the relative activity of different segments within an active fault 
zone. 
 
• What has not been considered in this investigation is the weathering stability and 
weathering behaviour of the various limestones on the bedrock faults above the 
colluvial wedge, and the interaction in the subsurface between the colluvial wedge and 
the fault plane. Furthermore, the composition and the depth of the colluvial wedges are 
unknown. These parameters and objects must be studied in future investigations to 
understand the fault history and have to compare with the results of the exhumed fault 
scarp. 
 
• The developed methods and approaches should be tested by applying them on different 
geology units and landscapes as well as in different seismically active landscapes. 
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• The mechanism and processes beyond the ruggedness fluctuation on the fault plane 
should be further investigated. 
 
• The influence of the dip of the naturally exhumed bedrock fault scarp should be studied 
in terms of the fault plane ruggedness along fault strike segment. Moreover, what is the 
ruggedness behaviour along strike of different fault segments with different dip values? 
 
• Is the fault plane ruggedness on naturally exposed fault scarps more influenced by 
processes above or inside the colluvial deposits?  
 
• How is the fault plane ruggedness influenced by different hanging-wall conditions? 
 
• The use of the backscatter signal (the spectral behaviour and properties) of the fault 
plane is an interesting approach and should be further investigated. 
 
 
Figure 7.1: a) An hypothesis to study ruggedness behaviour along the strike of an active bedrock fault plane 
segment by using long and close range t-LiDAR investigations. a) Sketch showing where investigations should 
be undertaken. b) The hypothesis assumes that ruggedness is increasing from the centre to the tips of a 
ruptured segment. c) There is an overall increase in ruggedness from the centre segment to the segments that 
are further away from the centre by the assumption of fault growth by linkage (compare fig. 1.1). If this 
hypothesis is confirmed, this approach can be used for estimating fault activity of different segments as well as 
for different fault zones. 
 
The LiDAR data can be comfortably combined with results of other methods such as drilling, 
satellite images and geophysics. Therefore, a multi method approach (Fig. 7.2) that combines 
the advantages of the different methods is a solution that should be further investigated. The 
following approaches are possible: 
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• The combination with other instruments such as multi spectral camera could be 
essential for the interpretation of fault plane characteristics. A supervised classification 
of objects could be undertaken using the classification of the range of the spectral 
behaviour at different wavelengths. Moreover, a multi spectral analysis of ruptured fault 
planes can help to distinguish between different changes along the scarp height.  
 
• Photogrammetry can support the fault plane investigations and trenching analysis to get 
panchromatic information in combination with a HRDEM.  
 
• Airborne LiDAR data sets can be used for morphological analysis and for 
morphotectonic approaches (see capture 2). Moreover, the combination of terrestrial 
and airborne remote sensing data can be used for different dimension and resolution 
analysis.  
 
• Geophysical methods can be used for spatial analysis of the shallow subsurface as well 
as to verify the spatial behaviour of hanging-wall sedimentary structures.  
 
• Trenching data in combination with core logs, shallow subsurface geophysical data and 
morphological data from remote sensing approaches (airborne and/or terrestrial) could 
be used for 3D geological mapping. 
 
• Dating results (of footwall, fault scarp and /or hanging-wall) in combination with 
morphological data could be used for landscape and environment reconstruction. 
Moreover, erosion models and mass balance analysis has to be considered in the 
investigated fault areas to gain knowledge of landscape evolution and coseismic 
events. 
 
• Satellite images of different wavelengths can support the exploration of areas of interest 
along fault strike. For instance, images can be used for the analysis of soil moisture, to 
detect suitable areas in the hanging-wall which are built up a large colluvial wedges 
and/or to define the discharge behaviour and runoff in the footwall and hanging-wall; 
studying the hanging-wall can help us understand the issue of colluvial cementation, 
erosion and sedimentation.  
 
• Knowledge of the spatial distribution and behaviour of rupture events in terms of 
changes before, during and after strong shallow earthquakes can be gained by 
monitoring using and combination of interferometry data, permanently installed 
differential GPS stations, force-measuring on sub-parallel fault planes, seismic 
recording and high resolution data sets of fault zone surface (HDREM) and subsurface 
(from geophysical investigations). 
 
• A multi method approach combining different methods can help to verify and quantify 
the advantages and disadvantages of each independent method, to support the 
knowledge about fault evolution, and help estimate fault activity. 
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Figure 7.2: A simplified summary of an independent multi method approach to quantify the advantages of each 
individual method, which includes different dimensions and resolutions; for comparison these results should be 
investigated on a single active bedrock fault scarp. 
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